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I.  SUMMARY 


This  technical  report  covers  work  done  under  Contract  No.  AF19(604)-4980  entitled 
"Research  and  Development  on  Semiconductor  Parametric  and  Tunnel  Diode  Microwave 
Devices. 

The  object  of  the  work  is  briefly  as  follows. 

(a)  Undertake  a  theoretical  investigation  of  the  behavior  of  parametric  amplifiers 
including: 

(1)  Low-frcqaency  pumping 

(2)  Noise  properties 

(J)  Gain,  bandwidth,  linearity 

(4)  Intermoduluiion  effects 

(5)  Signal  modulation 

(6)  New  concepts  employing  varying  degrees  of  non-linearity. 

(b)  Carry  on  an  experimental  program  with  special  attention  to 

(1)  Uroatl  bunding 

(2)  Lower  pumping  power 

(3)  Optimum  noise  factor 

(e)  Search  for  novel  active  semieonduetor  midtowuve  devices 

(1)  Two-tetmiiial  type 

(2)  i'out-tetminal  inmreciprocal  typc 

(d)  Develop  improved  varactors  and  tunnel  diodes  with. 

(1)  Lower  tosse.s 

(2)  Greater  non-linearities 

(3)  Higher  cut-off  frequencies 

Prior  to  tlie  stu'iing  date  for  the  contract  RCA  Laboratories  had  made  important  con¬ 
tributions  to  the  general  advance  of  parametric  amplifiers.  In  particular,  it  had  been  shown 
that  they  can  be  pumped  nr  frequencies  lower  than  the  signal  frequency,  permitting  them  to 
be  used  at  frequencies  where  higher-frequency  pumps  are  not  available.  Furthermore,  two- 
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port  devices  have  been  demonstrated  which  do  not  require  isolators.  This  had  been  achieved 
by  usinj!  a  composite  amplifier  comprising  two  converters  and  one  amplifier.^ 

In  a  first  attempt  ro  obtain  broad-band  parametric  amplification,  work  was  begun  on 
an  S-band  distributed  amplifier  made  of  a  length  of  coaxial  line.  Because  the  line  was 
heavily  loaded  with  parametric  diodes,  the  amplifier  produced  power  gains  of  15  db  with 
bandwidrhs  only  of  30-4Cf  me.  To  obtain  higher  gains  with  broader  bandwidths  a  second 
approach  was  undertaken.  This  new  approacli  called  for  the  design  of  p-n  junction  diodes 
which  are  not  conventionally  mounted  or  wired.  Instead,  individual  units  of  p-n  junctions 
are  attached  directly  to  a  non-dispersive  slow-wave  structure  such  as  a  helix.  By  care¬ 
fully  mounting  three  individual  parametric  diodes  on  the  helix  turns,  net  power  gains  of 
26  db  have  been  obtained.  Noise  factors  of  5  to  7  db  were  measured.  An  improved  version 
of  an  helix  type  amplifier  using  18  distributed  parametric  diodes  has  achieved  bandwidths 
of  the  order  of  200  me. 

Work  on  low-frequency  pumping  was  also  extended  to  an  investigation  of  the  possi¬ 
bility  of  harmonic  generation  of  millimeter  waves  using  nonlinear  reactances.  A  parametric 
frequency  doubler  has  been  studied.  Measuieiuenis  on  a  gallium  arsenide  point-contact 
diode  have  given  ii  conversion  efficiency  of  -9  db  for  the  second  harmonic  of  a  24  kMc 
input.  The  new  resjults  represeitt  a  6  to  7  db  improvement  over  conventional  nonlinear 
resistance  conversion. 

The  lowest  possible  pump  frequency  for  parametric  devices  is,  of  course,  zero  fre- 
quenc7,  i.c,,  11. C.  battery.  The  introiduccion  of  tunnel  diodes  prompted  us  to  investigate  a 
new  sec  of  semiconductor  microwave  amplifiers  and  frequency  convertors  with  a  D.C.  pump. 
A  tunnel  diode  amplifier  was  first  investigated.  The  expressions  for  gain,  bandwidth  and 
noise  factor  of  this  amplifier  arc  shown  to  be  analogous  to  tlioae  found  for  a  cavity-type 
parametric  amplifier  with  one  strikiitig  difference,  the  bandwidth  of  tiie  tunned  diode  ampli 
fier  is  comp.'iratively  broad.  f 

An  experimental  lumpedrcircuit  amplifier  has  been  built  for  demonstration  purposes. 
The  operating  frequencies  we;re  80  me,  66  me,  and  30  me.  These  all  gave  stable  power 
gains  of  about  15  db  with  bandwidths  of  the  order  of  a  few  megacycles.  The  nnise  factors 
were  measured  to  be  of  tlie  order  of  4  db.  The  tunnel  diodes  which  were  used  in  the  expert 
mental  amplifier  had  only  a  small  amount  of  negative  conductance.  It  is  pointed  out  that  a 
diode  with  a  higher  negative  conductance  at  the  same  DC  cuirent  would  have  a  much  lower 
noise  factor. 

The  noise  in  the  tunnel  diode  was  found  to  be  essentially  of  the  shot-effect  type.  It 
is  generally  believed  that  low-noise  operation  is  possible  by  choosing  low  biasing  currents, 
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but  no  quantitative  analysis  had  been  done.  An  analysis  was  made  which  indicates  that 
with  a  given  1-V  characteristic  of  a  tunnel  diode  a  minimum  noise  factor  exists  at  a  unique 
point  on  the  characteristic.  Furthermore,  an  ideal  I-V  characteristic  which  can  be  a  guide 
for  the  design  of  tunnel  diode  devices  with  low  noise  factors  is  suggested. 

When  the  tunnel  diode  amplifier  operates  at  infinite  gain,  oscillation  takes  place. 

A  simple  theory  for  a  tunnel  diode  oscillator  was  derived. 

In  addition  to  amplifiers  and  oscillators,  tunnel  diodes  can  be  used  as  frequency 
converters.  In  practice,  the  low-noise,  high-gain,  conversion  of  a  high-frequency  signal 
to  a  lower  frequency  signal  has  not  been  possible  with  previous  mixer  devices.  Ordinary 
crystal  detectors  which  make  use  of  the  nonlinear  behavior  of  their  positive  resistance, 
exhibit  a  conversion  loss  and  a  poor  noise  factor.  On  the  other  hand,  parametric  converters, 
which  operate  on  a  nonlinear  capacitance  or  inductance  basis,  have  achieved  good  noise 
factors  with  up-conversion  gain.  Parametric  down  converters,  however,  have  poor  noise 
factors.  For  sucli  down  Converters  it  is  found  that  the  excess  noise  f.actor  (i.c.  the  noise 
factor  minus  unity)  goes  roughly  as  the  ratio  of  the  input  frequency  to  the  output  frequency. 
Thus  for  a  ten-to-one  frequency  down-conversion,  the  noise  factor  is  about  10  db.  Because 
of  this  frequency  dependence,  it  is  difficult  to  convert  a  microwave  frequency  into  a  low 
intermediate  frequency  with  a  reasonable  noise  factor  by  parametric  converters. 

The  unusual  1-V  characteristic  of  tunnel  ^iodes  .suggested  a  down  converter  which 
caii  exhibit  both  conversion  gaih  and  low  noise |actor.  To  demonstrate  this  low  noise, 
high-gain  down  conyersion,  an  experimental  UHF  tunriel-diode.convertcr,  which  converts 
a  UHi"  signal  to  u  30  me  iiitefVncdiate  frequency', >  was  built.  This  Converter  yields  con¬ 
version  gains  of  i.O  to  20  db  and  noise  factors  of  2  to  $  db.  In  particular,  the  effect  of 
large  pump  voltage  on  the  overall  tunnel-diode  converter  perfonhanee  was  thoroughly  in- 
Veatigated.  It  was  found  titut  a  further  reduction  in  noise  factor  and  an  improvement  in 
circuit  stability  were  obtained  through  the  application  of  the  large  pump^  voltage. 

Parametric  and  tunnel  diodes  are  both  two-termiual  devices.  To  achieve  four-terminal 
amplifiers  with  these  devices  a  traveling-wave  scheme  using  a  series  of  distributed  diodes 
1ms  l«eil  suggested.  A  transmission  line  with  distributed  positive  and  negative  resistance 
as  well  us  with  distributed,  diode  noise  generators  was  analyzed.  Gain  and  noise  factors 
were  derived  as  a  function  of  boundary  conditions,  matching  conditions  and  distributed 
noise.  It  was  found  that  low-noise  amplification  can  be  achieved  on  such  a  line  provided 
the  line  is  characterized  by  high  gain  per  unit  length,  high  teuil  gain,  good  matching  and 
low  distributed  noise.  .4  distortionless  active  line  for  sucli  low-noisc  amplifiers  appears 
attractive. 
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Ever  since  the  parametric  and  tannel  diodes  were  introduced,  it  has  been  generally 
felt  that  these  devices  would  be  mote  useful  if  somehow  they  could  be  modified  to  four 
terminal  devices.  A  general  study  is  underway  toward  realization  of  a  four  terminal  active 
semiconductor  device,  A  new  scheme  which  utilizes  a  unique  interaction  between  Hall- 
effect  and  magneto  resistance  was  proposed.  Early  experimental  results  indicate  that  a 
novel  nonreciprocal  active  semiconductor  device  is  possible  and  it  is  hoped  that  the  new 
scheme  would  lead  to  many  important  high-frequency  applications. 

In  the  field  of  device  study,  the  degradation  of  tunnel-diode  valley  current  with 
overcooking  at  alloying  temperatures  has  recently  been  observed.  An  impurity  diffusion 
mechanism  has  been  postulated  and  vindicated  in  a  test  experiment.  Alloy  dots  of  known 
high  dopant  densities  (e.g.  eutectics)  have  been  u^^u  as  the  ditia.  source.  While 
quantitative  agreement  is  more  easily  approached  in  germanium  since  its  relevai,.  /iram- 
etets  are  more  accurately  known,  eutectic  alloys  have  proved  especially  fruitful  for  the 
fabrication  of  gallium  ancimonide  iiihnel  diodes. 


II  PARAMETRIC  AMPLIFIERS 


A.  SINGLE  DIODE  PARAMETRIC  AMPLIFIER  USING  LOWER  FREQUENCY  PUMPING 
Introduction 

Parametric  amplifiers  of  the  nonlinear-reactance  type  have  received  periodic  atten¬ 
tion  in  the  past.  More  recently,  parametric  amplification  in  the  microwave  region  using 
the  nonlinear  inductance  property  of  ferromagnetic  resonance  has  been  described.  These 
amplifiers  have,  however  conventionally  drawn  their  energy  from  an  RF  pump-power 
supply  having  a  frequency  higher  than  that  of  the  signal  to  be  amplified.  A  higher  frequency 
source  is  usually  not  practical  particularly  when  the  signal  is  at  a  microwave  frequency. 

To  remedy  this  fundamental  drawback,  a  parametric  amplifier  using  lower-frequency 
pumping  has  been  suggested'  in  which  two  or  more  pump  sources  at  frequencies  lower 
than  the  signal  frequency  are  employed.  In  addition,  to  be  compatible  with  the  multiple 
lump  system,  a  reactance  sample  of  ^  higher  than  quadratic  order  of  nonlinearity  is 
necessary  for  amplification. 

X  -  i  ,  ' 

In  the  following  a  scries  of  experiments  which  verify  the  principle  of  lower-frequency 
pumping  is  d/scussed.  The  experiments  contain  a  first  realisation  which  made  use  of  a 
nickel-manganese  ferrite  u.s  the  nonlinear  tcactanceu  Later  experiments  were  performed 
with  a  germanium  junction  diode  having  a  large  degree  of  nonlinearity  between  the  capaci¬ 
tance  and  the  biasing  voltage.  Measurements  of  gain,  bandwidth,  and  noise  figure  were 
niade  and  found  to  be  in  substantial  agreement  with  theory,  Because  of  the  large  amount 
of  nonlinearity  existing  in  these  junction  diodes,  tlie  necessary  pumping  power  was  found 
to  be  exceedingly  small. 

Theorelicol  Background 

Although  a  getictal  theory  on  parametric  amplifiers  has  been  given  in  two  previous 
articles,  ''^  it  is  still  worthsvhile  to  review  in  brief  some  of  the  basic  equations,  particu¬ 
larly  because  the  case  discussed  here  involves  the  uSe  of  a  nonlinear  capacitance  instead 
of  the  nonlinear  inductance  treated  before. 

Consider  the  four  resonant  circuits  of  Fig.  1,  coupled  through  a  nonlinear  capaci- 
rance  whose  charge,  </  is  a  cubic  function  of  the  voltage,  v. 
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Here  is  the  linear  capacitance,  and  C  is  the  coefficient  of  nonlinearity.  The  two  pump 
circuits  are  resonant  at  frct|uencics  tii,,  ,  the  signal  circuit  is  at  Wj  ,  and  the  idler  is 

at  <0  ~  O)  j+  CO^  -•  O)  j  . 

It  can  then  be  shown^  that  a  negative  conductance  G  is  formed  in  the  signal  circuit' 


a  'j' 


wlai  ,  I  <0^  -  <ii)/cOj  <^2 


<11-2) 


where 


2 

*  ui  j(ci>y  +  co^  -  CO  j) 

^3 

'4 

Cl 

(II-3) 


The  I's  are  the  pumping  currents,  l'*s  are  the  admittances,  and  the  G’s  are  conductances. 
The  total  conductance,  6'j. ,  of  the  signal  circuit  includes  the  signal  generator  conductance, 
Gg,  the  signal  tank  conductance  (i,,  and  the  load  conductance 

If  the  maximum  available  power  output  from  the  signal  generator  is  lf/4Cg,  then  the 
power  gain  is 


G) 


(II-4) 


The  expressions  'or  the  product  of  voltage  gain  (G^,)  and  bandwidth  (li)  and  for  the  ulti- 
rtiate  fioise  factor  ((■')  are  tlie  huiik.'  us  those  found*  for  tlie  case  of  higher-frequency 
puiiipihg: 


Cl  ^  0}  2 

Gf(o,i)2 


(11-5) 


(11-6) 


The  experiments  described  in  this  paper  were  greatly  simplified  through  the  choice 
of  equal  pump  frequencies,  <o^  .  In  tliis  case  only  one  pump  source  and  one  pump 
circuit  were  necessary.  The  gain  and  noise  factor  equations  for  this  single  pump  case 
remain  the  same  as  above,  provided  a  is  p'aced  by 
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16 
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(u  -CO]  ) 


(11-7) 


-  C"* 


G  j.C?2 


Experimental  Results 


The  experimental  setup  for  the  noise  factor  measurement  of  an  S-band  parametric 
amplifier  is  shown  in  Fig.  11-2.  A  coaxial  T-section,  which  has  three  branches  resonating 
respectively  at  signal  frequency  (ai, ),  the  pump  frequency  (lUj)  and  the  idling  frequency 
(<o  ),  is  employed  as  the  amplifier  circuit.  A  germanium  junction  diode  is  mounted  at  the 
junction  of  the  T-section.  The  diode  is  self-biased  through  a  resistance  of  lOOO  ohms. 

The  following  results  have  been  measured. 


TABLE  II-l 


It 

(signal  frequency) 

2300  me 

h 

(pump  frequency) 

1800  me 

h 

(idling  frequency) 

1300  me 

‘•'r 

(N.F.  of  receiver  alone) 

16  db 

Fj^fN-F-  of  amplifier  plus  10  db  attenuator 

plus  receiver) 

8  db 

^2 

(NiF.  of  10  db  attenuator  plus  receiver) 

17  db 

(net  power  gain  of  amplifier) 

IS  db 

(pumping  power) 

20  mw 

The  above  mensurcrnetita  thus  gave^  a  iioIhu  factor  for  the  amplifier  of  6.8  db.  The 
noise  factor  coniputcil  from  Eq.  (11-6)  is  6,6  db  which  agrees  very  well  with  the  experi¬ 
mental  value.  It  is  understood  that  these  noise  factors  arc  deduced  for  a  two-terminal, 
non-isolated  system.  Tlie  iioi.sc  factor  would  be  lower  if  a  circulator  hhd  been  used. 
Furthermore,  by  using  higher  orders  of  nonlinearity  the  noise  factor  would  also  be  improved. 


B.  CAVITY-TYPE  AMPLIFIER  (COAXIAL-LINR  DISTRIBUTED  AMPLIFIER) 

The  traveling-wave  parametric  amplifier  offers  am  attractive  means  of  obtaining 
broadband  microwave  amplification.  It  employs  the  nonlinear  reactance  necessary  for 
parametric  amplification  as  part  of  a  transmission  line.  If  the  line  is  terminated  in  its 
characteristic  impedance,  there  is  no  reflection  of  the  signal,  idle,  Or  pump  frequencies, 
and  hence  isolation  between  input  and  output  is  obtained.  The  narrow-bandwidth  restriction 
of  conventional  parametric  amplifiers  is  not  a  limitation  of  the  traveling-wave  scheme 
because  resonant  circuits  are  not  employed. 


Since  the  semiconductor  diode  is  essentially  a  two-terminal  device,  one  of  the  con¬ 
venient  ways  to  make  a  four-terminal  device  with  such  active  diodes  is  to  load  a  smooth 
transmission  line  with  diodes  in  a  distributed  way.  In  order  that  lumped  loading  capaci¬ 
tances  of  the  diodes  may  have  the  same  effect  as  though  their  impedances  were  uniformly 
distributed,  it  is  necessary  that  the  loading  diodes  be  spaced  at  distances  that  do  not 
exceed  a  quarter  wave  length.'*  If  the  spacing  is  greater,  the  loading  impedances  tend  to 
act  as  irregularities  or  chokes  and  interfere  with  transmission. 

The  effect  of  loading  the  diodes  on  a  line  can  be  analyzed  as  follows.  The  section 
of  line  between  a  pair  of  diodes  and  the  effect  of  the  diodes  may  be  represented  by  a 
ir-seetion  as  in  Fig.  IT3.  Here  Z  and  V  are  respectively  the  series  impedance  and  the 
shunt  admittance  per  unit  length  of  line. 


If  the  line  is  lossless,  the  cosine  of  the  propagation  constant  (jS^)  of  the  unloaded 
line  is 


Cos  =  1  +  ^  ZV  , 

where 

(11-10) 

and 

,  j 

I 

(Il-U) 

‘l.'hu  loading  of  the  diode 

will  change  the  propagatioii  constant  from  /J,, 

lo  (ij ,  which 

satisfies 

j  z  Iv .  yj  ■  Cos  fi/ i  i  -j"  y,^  Sin  pj, 

Cos  fijl.  }  , 

(1142) 

where  is  the  characteristic 

impedance  of  the  line  and 

(1143) 

and  R  are  the  diode  capacitance  and  series  resistance  respectively. 

In  the  presence  of  the  signal  frequency  (la^)  the  pump  frequency  and  the  idling 
frequency  -  cu^  -  to j),  nonlinear  interaction  takes  place  in  the  diode,  and  Yj  in 
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Eq.  (II-12)  becomes  current-and  voltage-dependent.  The  cosine  of  the  new  propagation 
constant  (/3^)  under  the  amplifying  condition  is  then 

Cos  =  Cos  ^  ■j'r  >  (IM4) 

where  f  and  V  are  respectively  the  diode  current  and  voltage. 

By  assuming  a  quadratic  nonlinearity  between  charge  and  voltage^  (i.e. 

5  =  V  -  CV^),  the  change  of  the  propagation  constant  under  smalKsignal  amplifying 
conditions  is  found  to  be 

«M5) 


where 


and 


Ctij 

V3C 

h3<^o^oY  Sin;3^,.e  Sin/S^^'^  I 

fS^Y 

1 

1  2  j  j 

iV 

Here  is  the  gain  parameter  per  diode.  The  voltage  gain  (Gy,)  per  diode  is 


(11-16) 


(11-17) 


Gy  =  ,  (11-18) 

In  the  case  where  0,  Eq.  (11-16)  degenerates  into  an  exp/'ession  which  has  the  some 
form  as  that  for  a  smooth  transmission  line.®  /  ' 

A'n  active  coaxial-line,  lias  been  built  with  germanium  diodes  in  place  of  the  usiiol 
shunt  cijpacitors.  Using  six  diodes,  gains  as  high  as  15  db  wore  obseived  with  a  signal  , 
frcqueni-V  tjtf  34401110',  a  pumping  frequency  of  4250  .me  and  idle  frequency  of  81  0  me.  The 
pumping  pdwer  was  in  ilie  order  of  400  milliwatts.  Each  of  the  three  frequencies  of  con¬ 
cern  were  placed  in  a  different  pass  band  of  the  line. 


Tile  structure  did  not  possess  the  wide-band  properties  predicted  for  it.  The  band¬ 
width  was  found  to  be  30-40  jnegacycles.  This  can  be  explained  by  the  fact  that  in  order 
to  obtain  high  gain  from  such  a  small  number  of  diodes,  the  loading  of  the  line  must  be 
considerable.  The  distortion  Of  the  line  parameters  in  this  manner  leads  to  amplification 
over  a  relatively  narrow  band.  If  the  loading  of  the  line  were  lighter,  the  broadband  capa¬ 
bilities  would  necessitate  high  Q  diodes,  and  much  smaller  gains  per  stage.  Hency  many 
diodes  would  be  required  for  the  gain  observed  if  the  bandwidth  were  to  be  of  the  order  of 
20%. 
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Parametric  amplification  in  periodically  loaded  transmission  lines  was  also  observed 
with  a  pump  frequency  lower  than  that  of  the  si;;nal  frequency.  In  particular,  the  6-diode 
line  yielded  net  gains  of  from  6  to  10  db  with  proper  bias  adjustment  at  a  pump  frequency 
of  2130  nic  and  a  signal  frequency  of  3500  me.  Pumping  power  was  of  the  order  of  500 
milliwatts.  This  device  suffered  also  from  the  narrow-band  limitations  of  the  conventional 
higher-frequency  pumping  sclieme  for  much  the  same  reasons,  bandwidth  of  30  me  was 
obtained  experimentally.  It  is  felt  that  the  ability  to  pump  at  a  frequency  lo.ver  than  the 
signal  in  this  case  was  due  to  a  doubling  process  in  the  diodes,  Tliis  is  substantiated  by 
the  fact  that  the  line  possessed  a  pass  band  at  the  2nd  harmonic  of  the  pump  (426u  nc) 
and  required  slightly  greater  pumping  power  for  gains  which  were  lower  than  those  observed 
in  the  conventional  case. 

C.  HELIX-TYPE  PARAMETRIC  AMPLIFIER 

It  has  been  pointed  out  that  to  obtain  high  gains  with  broader  bandwidtbs,  many 
diodes  must  be  employed.  Since  the  physical  size  of  conventional  commercial  diodes 
makes  it  virtually  impossible  to  conscryct  a  structure  with  sufficient  diodes  per  wave¬ 
length  at  microwave  frequencie.s  to  yield  appreciable,  gains,  a  new  approach  was  tried. 

Diodes  were  fabricated  using  strips  of  n-type  germanium  with  alloy  dots  spaced 
periodically  at  a  convenient  small  distance.  The  s.irips  were  mounted  on  quartz  rods  for 
mechanical^  support.  Three  sucli  diode  structures  were  .noun ted  syutjiietrically  about  an 
S-band  helix.  Tlic  pitcit  of  the  helix  was  made  equal  to  the  spacing  between  adjacent 
so  that  the  dots  made  contact  with  cacli  turn  of  {he  helix.  (I'ig.  II-4a). 

f'  '■ 

Diodes  .shown  in  Tig.  II-4a  arc  activated  by  the  rajial  rf  fibld.  Alternatively,  they 
^an  he  arranged  so  tlmt  th|y  cqn  he  activated  by  tlje  axial  field  (i‘ig.  ll-db).  In  ITg.  II-4c, 
coaxial-line  Iced  i.s  shown  for  tihe  signal,  ami  coupled  lielix  feed  is  shown  for  the  pump, 
riie  helix  is  an  excellent  circuit  for  this  purpose  since  it  is  nondi.spersive.  It  can  be  de¬ 
signed  to  transmit  simultaneously  the  pump  frequency,  the  signal  fre  jticncy  and  the  idling 
frequency.  In  addition,  the  fabrication  of  the  helix  structure  is  sitaple  in  that  the  diodes 
require  no  external  wiring  since  tliey  are  activated  by  the  rf  electric  field  between  adjacent 
turns  of  the  lielix.  In  addition,  J>y  introducing  the  pump  signal  through  a  coupled  helix, 
some  isolation  between  the  .signal  and  pump  sources  can  be  adliieved. 

The  first  helix-type  amplifier  is  shown  in  Fig.  II-5.  The  diodes,  mounted  between 
turns  of  the  coll,  are  of  germanium,  alloyed-diffused  and  liave  the  following  characteristics' 

Capacitance  (-1  volt)  0.2  —  1  ggf 

Series  resistance  2  —  15  ohms 

Cutoff  frequency  (nominal)  20  —  100  kMc 
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The  te«c  apparatus  is  shown  schematically  in  Fig.  II-6,  Typical  operating  data  are  as 
follows' 

TABLE  11-2 


Signal  Frequency 

28C0  me 

Pump  Frequency 

3800  me 

Number  of  Diodes 

2 

Pump  Power 

60  mw^ 

Unloaded  helix  insertion  ioss 

-  6  db 

New  Power  Gain 

26  db 

Voltage  Gain  Bandwidth 

30  me 

Noise  Figure 

5  -  7  db 

It  can  be  seen  that  the  bandwidth  is  quite  low,  presumably  due  to  the  loading  introduced 
by  the  diodes.  To  preserve  the  necessary  dispersionless  characteristics  of  a  propagating 
structure,  the  diode  loading  must  be  light.  This  necessitates  many  diodes  for  significant 
gain,  because  the  gain  per  diode  is  small.  A  second  helix  was  designed  so  that  more 
diodes  per  wavelength  could  be  incorporated  in  the  amplifier  In  the  new  structure,  the 
diodes  were  mounted  sy inmefrically  in  three  sfaclcs  on  a  polystyrene  rod.  The  rod  with 
diodes  was  then  mounted  coaxially  in  the  helix  structure  as  shown  in  Fig.  II-7.  The  new 
design  permitted  tighter  coupling  to  the  diodes  at  the  pump  frequency,  resulting  in  lower 
pumping  powers.  Coupled  helices  were  again  used  to  couple  power  to  the  helix  structure. 
Experimental  results  are  as  follows 

TABLE  II-3 

Number  of,  diodes 
Pump  frequency 
l^umping  power 
Signal  (re  luency  « 

Net  gain  •- 

Diode  chutnctcristics 
C  .ft  "•  I  .y.  I'lif 
f^.  (cutoff  freq.)  „ 

The  plot  of  gain  vs.  frequency  is  shown  in  Fig.  11-8,  The  term  electronic  gain  refers  to 
the  gain  at  the  signal  frequency  when  the  pump  power  is  applied.  It  does  not  include  the 
cold  insertion  loss  of  the  amplifier.  The  net  gain  of  the  structure  is  shown  by  the  solid 
curve  in  Fig.-  11-8.  Tlie  actual  amount  of  pumping  power  supplied  to  the  diodes  was  150  mw 
The  remaining  100  mw  was  rcflrctcd  at  tlic  input  coupler,  and  could  be  reduced  by  im¬ 
proving  the  input  match.  A  saturation  effect  in  the  gain  of  the  structure  was  noted.  It  was 
found  that  the  gain  increased  with  increased  pumpifjg  power  up  to  a  level  of  250  mw  (total 


18 

2020  me 
250  mw 

1300  wc  to  1523  me 
8db 


20  -  90  kN!o 
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pumping  power  supplied  from  pump  source).  Further  increases  in  pumping  power  did  not 
result  in  increased  gain,  and  at  approximately  the  800  mw  level,  a  decrease  in  gain  with 
increased  pumping  power  was  noted.  This  effect  is  attributed  to  increased  diode  losses 
due  to  reverse  breakdown  over  part  of  the  cycle. 

Extension  of  Experiments 

Another  and  more  recent  experimental  study  of  the  transmission  and  coupling  char¬ 
acteristics  of  a  helix  periodically  loaded  by  variable-capacitance  diodes  along  a  portion 
of  its  length  was  undertaken  by  the  RCA  Electron  Tube  Division  in  conjunction  with  the 
RCA  Laboratories*.  In  this  structure,  the  helix  is  supported  by  ceramic  rods, and  a  direct 
connection  is  made  to  each  end  of  the  helix. 

Semiconductor  variable-capacitance  diodes  were  used  as  helix-turn  loading  elements. 
Tliese  germanium-type  diodes  have  capacitances  of  the  order  of  one  picofarad.  They  are 
encapsulated  in  small  cylindrical  packages  approximately  one-tenth  of  an  inch  in  diameter. 
The  helix  was  similar  to  those  used  in  RCA  medium-power  S-band  traveling-wave  tubes. 

One  end  of  the  helix  was  terminated  in  a  matched  load  and  the  input  VSWR  was 
measured  on  a  reflectometer  over  the  2000-  to  4000-megacycle  frequency  range.  The  diodes 
were  spcced  at  intervals  of  two, three,  and  four  turns.  The  periodicity  of  the  low-VSWR 
regions  decreased  with  decreasing  diode  spacing  from  an  average  of  approximately  1000 
megacycles  for  a  diode  in  every  fourth  turn  to  about  3Q0  megacycles  for  a  diode  in  every 
second  turn,  b'igurc  11-9  shows  the  VSWR-with  diodes  positioned  in  every  second  turn.  The 
several  mutcli  ranges  in  the  2000  to  .4000-mcgacycle  frec||!uency  range  include  a  relatively 
broadband  of  very  low  V.SWR  in  the  2000-  to  2300-i'iiegacycle  range,  and  a  narrower  band' of 
very  low  VSWK  near  3000  megacy'clos.  Small  shifts  in  diode  position  and  spacing  produced 
substantial  shifts  in  the  frequency  iucutioiis  of  these  ranges  of  low  VSWR. 

The  curves  of  Fig.  11-10  show  insertion-loss  measurements  on  the  diode-loaded 
lielix  structure  under  conditions  of  no  diode  loading,  a  single  diode  loading  per  one  helix 
turn,  and  diodes  loading  alternate  turns.  The  unloaded  helix  lias  an  insertion  loss  of  from 
one  to  six  decibels  over  the  entire  frequency  octave  from  2000  to  4000  megacycles. 

Tile  loading  of  the  helix  with  a  single  diode  provided  only  a  point  of  impedance  dis¬ 
continuity  and  did  not  constitute  periodic  loading.  For  this  case,  the  measured  insertion 
loss  generally  occurred  in  the  neighhorhood  of  12  to  15  decibels  over  the  2000-  to  4000- 
iiiegacyclp  frequency  range.  The  insertion  loss  resulting  from  the  insertion  of  three  diodes 
into  the  helix  (a  diode  loading  alternate  helix  turns)  is  shown  in  Fig.  11-10  for  the  .frequency 
range  860  to  4000  megacycles.  The  general  configuration  of  bands  having  greater  and  less 
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attenuotioii  is  evident;  bands  of  relatively  low  attenuation  occur  in  the  UllF  and  lower 
L-han.d  frequency  ranges,  and  a  narrow  band  of  very  low  attenuation  occurs  near  3000 
megacycles.  This  latter  band  inacches  a  band  of  very  low  VSWR  predicted  by  the  VSWR 
measurement,  A  rslatively  high  insertion  loss  of  greater  than  20  decibels  was  measured 
in  the  2200-  to  2300-megacycle  band  where  a  very  low  input  VSWR  was  observed. 

The  attenuation  curve  of  a  diode-loaded  helix  shown  in  Fig,  II TO  provides  an  im¬ 
portant  key  to  the  understanding  of  the  helix  parametric  amplifier.  The  particular  periodic 
loading  used  results  in  a  relatively  narrow  passband  of  low  insertion  loss  at  approximately 
3000  megacycles  and  at  6000  megacycles  (not  shown  in  Fig.  11-10).  Tliese  passbands  have 
been  found  experimentally  to  present  an  excellent  load  to  signals  applied  to  the  helix  at 
3000  megacycles,  with  the  result  that  such  signals  develop  considerable  voltages  across 
each  of  tire  diodes.  In  fact,  sparks  have  been  observed  between  the  diodes  and  helix 
turns  in  very  dim  light  (when  the  contacts  between  these  elements  were  broken)  with  r-f 
power  of  several  hundred  milliwatts  applied  to  the  helix  in  the  band.  Considerable  radia¬ 
tion  has  been  detected  at  a  distance  from  the  unshielded  helix.  The  dissipative  qualities 
of  the  structure  ai'i'  indicated  by  the  fact  that  less  than  10  milliwatts  of  r-f  power  was  de¬ 
tected  at  the  output  of  the  lielix  wlien  almost  one  watt  of  net  power  was  applied  to  the 
inpur  of  the  helix.  The  diode-loaded  lielix  also  acted  as  a  harmonic  generator  at  these 
ftequencies  with  an  input  signal  at  3000  megacycles  delivering  power  at  6000  megacycles 
in  the  output  with  good  conversion  efficiency. 

It  has  been  determined  expcrimehtally  that,  at  high  gain,  parametric  amplification 
is  possilTe  when  the  pump  signal  is  passed  through  the  highest-freriuericy  iinssbaml  anti 
the  signal  and  idler  fre(|ueneies  are  approximately  70and  30  per  cent,  respectively,  of 
the  pump  ffe'iiiiaicy  provided  that  suitable  passband.^  are  developed  by  the  dioilc-lpadod 
lielix  at  these  frequencies.  The  Ibcatioit  of  tlie  higliest  passband  and  the  pnsshaitds  used 
for  the  sigiiai  and  idler  freiuencieg  can  be  coutrolled  by  (1)  variation  of  the  spacing  he- 
tweei!  diode  (and  thus  of  a),  (2)  use  of  ah  asymmetrical  spacing  if  the  helix  diameter  and 
pitch  are  laaintainerd  eonstaiu  or  (3)  adjustment  of  tlie  helix  parameters  to  provide  a 
nieclianieal  means  for  adjusting  the  fre.juency  of  operation  over  n  range  comprising  a  sub¬ 
stantial  portion  of  an  octave. 

Substantial  insertion  loss  has  be-en  encountered  in  the  frt'i|uency  bands  used  for  the 
signal  frequency,  but  considerably  less  at  the  idler  frequencies.  Even  in  favorable  trans¬ 
mission  bands,  die  diode-loaded  helix,  unlike  the  shunt-loaded  transmission  line,  provides 
a  complex  coupled  bandpass-filter  type  of  circuit  in  each  passband.  The  diode-loaded 
turns  present  series  components  of  high  iiupedance  in  cascade  to  the  signals  traveling 
along  tlie  helix.  This  arrangement  provides  improved  impedance  matching  to  eacli  diode 


13 


over  wiile  freijucncy  ranges  because  the  helix  turn  shunting  each  element  is  a  broadband 
circuit  which  enhances  the  signal  development  to  the  diodes  at  the  principal  frequencies. 
As  a  result,  high  gain  is  achieved  with  a  very  small  number  of  diodes  and  circuit  elements. 

The  circuit  aspects  of  the  helix  parametric  amplifier  are  based  on  a  straightforward 
roquircuient.  Because  both  input  and  pump  signals  are  applied  to  the  inputs  of  the  ampli¬ 
fier,  an  amplified  input  signal,  a  pump  signal  of  reduced  intensity,  anrl  an  idler  signal  are 
produced  in  the  output  of  the  amplifier.  These  three  output  signals  must  he  teriniiiated  in 
proper  impedances. 

Figure  11-11  shows  the  basic  circuits  and  components  of  a  test  arrangement  for  gain 
taeasurement  over  the  2200-2300-megacycle  frequency  band.  The  input  signal  is  applied 
from  a  tunable  signal  generator  through  a  low-loss  pump-rejection  filter  to  the  amplifier 
input.  The  pump  signal  is  supplied  to  the  amplifier  by  a  tunable  signal  generator  which 
drives  a  traveling-wave  tul)e  and  provides  pump  power  of  up  to  one  watt  variable  over  the 
2000-  to  1000-megacycle  frequency  band, 

Tlie  output  circuit  in  Fig.  11-11  is  a  triplexer  type  arrangement.  The  output  of  the 
parametric  amplifier  feeds  into  a  power  divider  having  three  output  circuits,  One  output 
circuit  couples  to  a  baiulpass  fijtcr  which  passes  the  amplified  band  of  ft'cqucncics  to  the 
mixer  of  a  receiver,  The  second  output  is  coupled  to  a  high-pass  filter  which  rejects  both 
the  ami>lified  input-signal  and  idler-signal  power  and  couples  the  reuuiining  power  at  the 
pump  freqiient.y  to  a  matched  termination,  Tlie  third  output  is  coupled  to  a  low-pass  filter 
having  a  cutoff  frei(uency  between  the  low-frcquCncy  of  the  idler  signal  and  high  frequency 
of  the  input  signal,  a  matched  termination  is'provlded  at  the  output  of  the  low-pass  filter 
as  a  terminal  ion  for  the  idler  signal. 

Tlie  receiver  includes  the  mixer  mentioned  above,  a  local  oscillator,  a  calibrated 
step  nttennatot,  a  lO-niegncyclc  i-f  strip,  and  a  detector.  Ciain  is  measured  by  a  comparison 
techiiiquc;  the  detector  is  first  calibrated  without  the  parametric  amplifier  between  the 
input-signal  generator  and  the  power  divider  and  then  with  the  para.itetric  amplifier  in  the 
circuit.  The  ealibrated  attenuator  in  the  receiver  i.s  used  to  measure  power  gain. 

Seveiiii  piecautions  were  adopted  to  assure  the  validity  of  gain  iiieasureiiients.  Fir.st 
the  detector  was  calibrated  while  pump  power  of  up  to  one  watt  was  fed  into  the  triplexer 
In  eliiuinate  spurious  mixer  responses  caused  by  pump-power  leak-throughs ;  in  addition, 
the  filters  in  tlie  triplexer  arrangement  were  arranged  to  provide  at  least  80  decibels  iso-, 
lation  between  the  mixer  and  the  pump  Cermination  at  pump  frequency  to  prevent  pump 
power  from  effecting  the  receiver. 
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Noise  fijiiu'c  was  ineasiired  at  S-ljand  with  essentially  the  same  circuit.  The  output 
of  an  A1L-70A  noise  source  w.as  applied  to  the  pmnp-rejection  filter,  and  a  calihrated 
receiver  and  Hewlett-Packard  304R  noi.sc-figure  meter  (which  ahso  powers  the  noise 
source)  were  suhstiiuted  for  the  receiver  u.sed  in  the  gain  measurements. 

For  evaluation  of  the  helix  parametric  amplifier  as  a  wide-hand  amplifier  with  re¬ 
spect  to  structure,  circuit,  and  performance  characteristics,  a  signal-frequency  in  the 
2200-  to  2300-incgacycle  hand  was  chosen,  and  extensive  measurements  of  electrical 
performance  were  made.  The  following  discussion  of  pertinent  performance  character¬ 
istics  is  derived  from  tliese  measurements.  It  must  be  empliasized,  however,  that  these 
performance  chavacteristics  are  intended  only  to  illustrate  tlie  basic  electrical  behavior 
of  the  helix  parametric  a.-nplifier  and  the  relationship  between  the  circuit  structure  and 
performance,  and  not  to  establish  the  design  of  a  particular  amplifier. 

Opciation  in  the  2200-  to  2300-megacycle  frequency  band  is  consistent  with  the 
existence  of  a  passband  in  that  region,  a  higher-frequency  passbarid  for  the  pump  in  the 
300n-iuegacycle  range  and  a  passband  of  relatively  low  insertion  loss  iri  the  idler- 
fre  |ucncy  band  of  800  to  900  mcgacycle.s.  Figure  11-10  shows  the  pass-  and  stop-band 
cliiirucioristics  of  a  helix  structure,  when  it  is  loaded  by  3  diodes. 

In  il(o  circuit  shown  in  Fig.  II-ll,  the  band-pass  filter  In  the  output  citcuit  passes 
only  the  desired  2200-  to  2300-meghcycle.  i>and.  The  high-pass  filter  in  the  output  pump 
circuit  has  a  cutoff  frequency  of  2600  megacycles,  ami  tlyt  low-pAss  filter  in  the  idler 
iuiipur  circuit  has  a  cutoff  frc'iucncy  of  1500  megacycles,  'i 

Sijtn.H  e oiinec lions  to  the  helix  p.irametric, amplifier  euifsist  of  the  input  sighal  and 
the  pump  signal  which  are  api'lied  to  the  input  heJical  coupler  and  the  input  direct  connec 
lion  to  the  lielix,  respectively  The  triplexer  tniipiii  circuit, is  coupled  to  the  output  heli¬ 
cal  couplet,  which  was  specially  designed  to  couple  to  the  helix  at  all  three  principal 
fic'iuencies.  The  output  direct  connection  to  the  heli.'t  is  couples  to  a  circuit  arrangement 
wliich  permits  a  wide  choice  of  match  and  mi.siuiitch  leriiiinaiiuns  at  the  idler  fretjiieiiey, 
Oti<-  iul vantage  c.  the  use  of  pump  and  idler  signals  located  in  relative  proximity  to  the 
ptincii'af  signal  freq.iency  is  that  helical  couplers  have  sufficiently  wide  freiiueiicy- 
eouplirig  ehatacteristics  to  couple  to  the  helix  at  all  three  of  these  signals,  thereby 
simplifying  the  coupling  problem. 

tiain  ill  the  2200-  to  2300-incgacyclc  band  is  a  function  of  several  parameters  if 
tile  helix  I'liaracti’ristics  remain  fixed.  These  parameters  intlude  pump  frequency,  pump 
power,  and  diode  spacing  where  the  latter  is  defined  by  a,  the  ratio  of  the  electrical 
angle  of  tlic  diode-loaded  helix  turn  to  the  electrical  angle  of  the  entire  unit  cell  in  each 
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peiioti.  For  example,  when  a  0.5,  the  diodes  are  in  «  row  between  alternate  helix  turns. 

The  jjains  aehieved  were  very  stable  for  long  periods  of  time  witli  frequent  turning 
on  and  off  of  the  equipment.  The  broad  peak  of  the  curve  provides  for  peak  gains  with 
small  change  over  a  substantial  range  of  pump  power. 

Figuie  11-12  shows  gain  characteristics  with  respect  to  various  values  of  pump 
power  for  values  of  0.55,  0.52,  and  0.6.  These  curves  do  not  establish  optimum  or  maxi¬ 
mum  bandwidth  values,  but  indicate  that  for  a  pump  power  of  500  milliwatts,  peak  values 
of  more  than  20  deciliels  of  gain  may  be  obtained.  The  gain  peaks  which  are  located  in 
various  parts  of  the  2200-  to  2300-iiiegacycle  frequency  band  are  dependent  on  the  periodic 
diode-spacing  parameter  a.  No  value  of  a  shown  provides  for  gain  acres  ;.ie  entnt 
megacycle  band  at  any  value  of  pump  power. 

In  measuring  tlie  noise  figure,  a  2200  —  2300  megacycle  band-pass  filter  was  used 
in  the  output  circuit.  The  measurement  was  made  with  the  amplifier  adjusted  to  give  a 
gain  in  e.xcess  of  25  decibels  at  the  center  frequency  (22  50  megacycles).  The  representa¬ 
tive  curve  of  gain  us  a  function  of  pump  power  shown  in  I’ig.  11-13  was  produced  at  a  pump 
frequency  of  3135  megacycles. 

The  pump  rejection  filter  at  the  amplifier  input  stopped  noise  components  at  fre- 
queticies  equal  to  the  pimip  frequency  and  ..t  those  higher  frequencies  which  beat  witlj  the 
pump  signal  and  proiluce  noise  components  at  2250  megacycles.  In  the  output  circuit,  the 
local  oscillator  of  a  receiver  driving  the  noise-figun;  meter  was  adjusted  to  2280  megacycles. 
This  proiluced  a  VOf-uiegacyele  coii/ppneni  from  22,50-megacycles  noise  whicli  was  amplified 
in  ilie,  30-megacycl'es  receiver  l-fi'strip.  .However,  the,  image  noise  of  the  niidband  noise  at 
2310  mcgucycle.s  w.is  prevented, ;froin  reaching  the  mixer  by  the  sharp  band  edge  character¬ 
istics  of  the  2200-  to  2300-megaeycle  filter. 

The  cnrv.’s  of  noise  figure  as  a  function  of  pump  power  and  gain  as  a  function  of  pump 
power  for  the  op-r.ititig  frequencies  mentioned  above  are  .shown  in  Fig.  11-13.  In  regions 
of  low  pump  power,  the  noise  .  e  i:.  i.'yli;  the  figure  decreases  as  the  pump  power  is 
increased  to  inaximiiin  gain.  In  the  iiiaximurn-g.i 'n  region  the  terminal  noise  figure  passes 
thiough  a  iiiitiiiiinm  liaving  a  iiicasiireii  value  of  '..5  decibels.  Tliis  terminal  noise  figure 
include  approximate  ly  1.5  decibels  insertion  loss  due  to  the  input  helical  coupler  and  the 
puinp-ri;ji.  'fioii  filtet, 
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D.  MILLIMETER  WAVE  GENERATION  BY  PARAMETRIC  METHODS 
Introduction 


One  oJ  the  moat  dependable  methods  of  generating  coherent  millimeter  wave  radia¬ 
tion  has  been  tlie  multiplication  of  some  lower  frequency  by  means  of  the  nonlinear  resis¬ 
tance  of  a  semiconductor  diode.  This  technique  has  been  used  successfully  by  many 
workers  in  the  field  of  molecular  spectroscopy .  Some  fairly  typical  results  are  those 
published  by  Johnson,  Singer,  arid  Kiney^  in  which  a  conversion  loss  of  -18  db  was  ob¬ 
tained  for  the  second  harmonic  (6.25  mm)  of  a  24  kMc/s  (12.5  mm)  fundamental. 

Manley  and  Rowe®  have  derived  a  power  relation  for  three  linear  circuits  which  arc 
resonant  individually  at  frequencies  and  o)  j  and  coupled  by  means  of  a  non¬ 

linear  reactance. 

This  power  relation  states  that 


cjj  f-  Oi  2  ^2  0)2 


(11-19) 


where  ,  1^  are  the  average  powers  flowing  into  the  nonlinear  reactor  at  the  fre- 

((uencics  <u(,  t  i  ,  ro ,  and  The  fact  that  power  flows  from  the  reactor  at  the  lower 
frequencies,  aij  and  co^ ,  at  the  expense  of  the  liigher  frequency  pumping  power  is  indicated 
by  the  minus  sign.s, 

The  above  power  relations  can  also  bo  written  as 

'  ■  ii 

-‘’12  I’l  I' 2  ’’ 

- - L2_^  ...  - g. 

Tills  suggests  tliat  if  tlic  reactor  is  pumped  at  the  two  lower  frequencie.s,  power  will  flow 
from  (he  reactor  u(  the  lilglier  frequency  •!  <u^.  It  is  easily  appreciated  that  tlie  two  lower 
freq  ueiicy  pumps  can  have  the  same  frequeiicics  iiinking  harmonic  generation  possible  from 
this  scheme.  Since  the  nonlinear  reactance  is  essentially  lossless,  the  conversion  efficiency 
sliould  Ilf  liigli  compared  to  efficiencies  obtained  with  nonlinear  resistances. 


Using  the  nonlinear  (voltage-dependent)  capacitance  of  a  back  biased  semiconductor 
diode  in  a  coaxial  circuit,  Chang^  has  obtained  a  conversion  efficiency  of  21  per  cent 
(-6.8  illi)  for  doubling  from  3300  to  6600  megacycles.  Tlie  extension  of  this  principle  to 
the  millimeter  region  is  not  an  easy  one.  Indeed,  the  only  published  result  is  that  of  Kita'® 
who  cbtained  a  minimum  conversion  loss  of  -15.8  db  in  doubling  frojn  24,000  to  48  000 
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megacycles.  The  main  problems  are  those  of  obtaining  materials  suitable  for  operation  in 
the  millimeter  region  and  a  microwave  system  capable  of  high  performance  at  these  fre¬ 
quencies. 

This  section  describes  some  recent  experiments  in  the  generation  of  millimeter 
waves  using  the  nonlinear  capacitance  of  a  back-biased  point  contact  semiconductor 
diode  and  compares  these  results  with  those  obtained  from  point  contact  silicon  and 
germanium  nonlinear  resistance  diodes. 

Experimentdl  Methods  and  Results 

The  experimental  setup  employed  in  our  experiments  is 'shown  schematically  in 
Fig.  II-H.  The  modulated  input  signal  was  obtained  from  a  2K33  klystron  and  power 
measurements  were  made  with  calibrated  crystals.  Adequate  matching  was  obtained  using 
E-H  tuners  and  short  circuiting  plungers. 

The  harmonic  generator  is  shown  in  Fig.  11-15.  It  consisted  of  a  K  band  fundamental 
waveguide  (operating  range  18—26  kMc/s)  crossed  by  an  RG98U  harmonic  guide  (operating 
range  45—75  kMc).  The  fundamental  guide  is  tapered  in  height  over  a  few  wavelengths  so 
that  a  smooth  transition  can  be  made  to  the  height  of  the  smaller  guide.  The  harmonic 
guide  acts  ns  a  high  pass  filter  with  a  cutoff  above  the  ffequency  of  the  fundamental 
radiation.  In  all  cases,  the  crystal  of  interest  is  mounted,  flush  with  the  bottom,  at  the 
junction  of  the  two  guides,  on  a  copper  stud  which  could  be  easily  rotated  for  optimum 
results.  An  r.f.  by-puss  is  provided  so  that  a  d.c,  bins  can  be  employed.  A  differential  , 
.screw  mounted  on  the  top  of  the  guide  with  an  effeetive  pitch  of  3^4  turns  per  inch  per' 
mitted  extremely  low  pressure  contacts  to  be  made’ to  tlie  crys tabs The  point  material  in 

all  cases  was  cleetrolytically  etched,  silver  platbd  platinum.  ?  i 

’  ■  ;  il 

Measurements  were  made  on  some  germanium  and  silicon  crystals  as  a  means  of 
evaluating  the  pc|*forinance  of  the  microwave  system  by  comparison;, with  the  fairly  typical 
results  of  workers  in  the  field^.  The  experimental  data  for  Imrmonic  generation  using  the 
nonlinear  resistance  is  shown  in  Table  11-4  and  compares  favorably  with  published  work 
on  these  materials. 

The  results  obtained  with  an  n-type  germanium  point  contact  nonlinear  capacitor 
are  to  be  contrasted  to  the  nonlinear  resistance  case.  The  conversion  loss  of  -14.7  db 
represents  a  1 .7  db  improvement  over  the  nonlinear  resistance  case.  The  conclusion  tliat 
the  conversion  mechanism  was  the  nonlinear  reactance  was  based  on  the  fact  that  the 
bias  was  negative.  In  this  region,  the  nonlinearity  of  the  resistance  was  very  small  hence 
exiremely  poor  efficiency  would  be  expected  by  this  mechanism.  Figure  11-16  shows  a  very 
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TABU-:  11-4 

EXPERIMENTAL  RESULTS  OF  A  MILLIMETER  WAVE  HARMONIC  GENERATOR 


NONLINEAR 

RESISTANCE 

NONLINEAR  CAPACITANCE 

Silicon 

Germanium 

Germanium 

Gallium 

Arsenide 

Pump  Fre  jueiicy 

24  kMc 

24  l.-Mc 

24  k.Mc 

24  kMc 

Output  Frequency  2/^ 

48  k.Mc 

48  k-Mc 

48  kMc 

48  k.Nlc 

Pump  Power 

20  mw 

19.6  mw 

20  mw 

24  mw 

Output  Power  2/^ 

.3fi  mw 

.45  mw 

.68  mw 

3  mw' 

Bias 

‘3V 

,2.0V 

-  8V 

Zero  Bias 

Conver5?ion  Efficiency 

-16.6  (lb 

-16.38  db 

-14.7  db 

-9  db 

intercHting  effect  As  the  bias  was  shifted  to  the  forward  direction  from  ~-.8V  the  con¬ 
version  efficiency  decreased  then  increased  slightly  to  -20.8  at  a  forward  oias  of  hi  volt 
Licfore  falling  off  rapidly  with  further  increase  in  bias.  The  behavior  in  the  forward  region 
is  attributed  to  the  nonlinear  resistance  iiicchanisn).  Thus,  noth  conversion  incchanisms 
wore  observed  in  the  same  crystal,  and  the  nonlinear  reactance  proved  to  he  .superior.  The 
germanium  crystals  employed  in  these  experiments  had  a  resistivity  of  .013  ohin/cm  and 
the  point-s  used  were  electrolyticnlly  etched,  silver  plated  platinum. 

By  far  the  most  interesting  results  wore  obtained  with  magnesium  doped  n-type 
gallium  arsenide  crystals  of  ,003  ohm/em  rc.sistivity.  These  results  arc  shown  in  the 
Table  II-4.  A  conversion  efficiency  of  -9  dh  wiis  obtained  for  the  second  harmonic  oi*  a 
24,000  Mc/s  input  (6.25  mm),  It  was  found  to  be  extremely  i  npdrtnnt  to  form  the  point 
immedi.ntely  after  etching  the  cry.stal  in  order  to  obtain  favorable  results.  This  behavior 
is  attributed  to  the  formation  of  a  stable  oxide  of  gallium  on  the  .surface.  The  best  results 
were  obtained  under  .self-bias  conditions  or  a  small  ncguiive  vultage.  It,  is  felt  thht,  because 
the  conversion  efficiency  was  relatively  insensitive  to  small  bias  shifts  about  the  optimum 
values,  both  nonlinear  reactance  iind  resistance  mechanisms  were  acting. 

The  characteristics  of  a  typical  gallium  arsenide  point  contact  diode  ate  shown  in 
Fig,  11-17.  The  diode  is  seen  to  have  a  back  current  of  less  than  I  microampere  in  the 
region  of  interest  where  the  diode  exhibits  a  nonlinear  capacitance.  The  nonlinear  capaci¬ 
tance  at  zero  bias  liad  a  value  of  approximately  .58  ggf  and  increased  rapidly  a.s  the  bias 
approached  +1  volt. 

The  superiority  of  point-contact  gallium  arsenide  nonlinear  capacitance  diodes  over 
the  germanium  variety  can  be  explained  as  follows.  The  higher  electron  mobility  of  gallium 
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arseniiie  }>jvc.s  rise  to  a  lower  spreading  resistance.  This,  together  with  the  lower  capaci¬ 
tance  due  to  a  lower  dielectric  constant  yields  a  higher  value  of  cutoff  frequency  than 
germanium  or  silicon  units.  Cutoff  frequency  for  the  back-biased  diode  is  defined  as  that 
frequency  at  which  the  O  falls  to  one.  The  liigher  band  gap  ol  gallium  arsenide  gives  rise 
to  a  voltage  ciirreiit  characteristic  which  increases  more  slowly  in  the  forward  direction 
than  that  for  germanium.  This  permits  wider  voltage  excursions  into  the  forward  direction 
where  the  capacitance  nonlirearity  is  greatest  before  appreciable  diode  current  is  drawn 
and  the  y  deteriorates. 

It  is  of  interest  to  investigate  the  first  order  effect  of  crystal  thickness  on  high 
frequency  performance.  If  the  point  is  assumed  to  form  a  hemispherical  junction  on  the 
crystal  surface  tlie  simple  model  shown  in  Fig.  11-18  can  lie  used  to  calculate  the  RC 
product,  u  is  the  depiction  layer  thickness,  t  is  the  crystal  thickness  and  r  is  the  assumed 
radius.  Tlie  capacitance  is  given  by  the  well-known  relation 

^  ^  2n’^K 

w  tv 

The  resistance  is  given  by  the  familiar  integral  shown  in  the  same  figure  where  all  param¬ 
eters  arc  defined  as  before. 

Since  »  will  be  the  controlling  geometrical  factor  and  usually  quite  small,  the  thick¬ 
ness  of  the  crystal,  t  will  not  be  of  primary  importance  in  the  subsequent  R-C  product. 

In  genetal  a  small  capacitance  is  desifable  for  hroad-bnnil,  high  frequency  operation. 
However,  a  small  capacitance  means  liigh  impedance  ami  heqee  higlier  voltages  ncros.s 
its  terminal, ‘4'  for  a  given  pump  power.  D.C*  conduction  will  thus  occur  to  a  greater  extent 
with  an  acCOjiipunying  loss  of  power  in  the  siiunt  and  series  resistance^  of  the  diode. 

Efficiency  is  known  to  drop  at  high  input  power  levels  4n  nonlinear  capacitance 
diodes  because  of  excursions  into  the  fortyard  bias  region,  breakdown  over  part  of  the 
cycle,  and  loss  of  power  in  higher  harmonics.  The  ideal  scheme  then  should  possess  high 
liarmonic  rejection,  a  liigh  breakdown  voltage  diode,  and  a  slowly  increasing  current 
characteristic  in  the  forward  directions. 

In  conclusion  the  feasibility  of  generating  millimeter  waves  by  means  of  the  non¬ 
linear  capacitance  of  a  back-biased  semiconductor  diode  has  been  demonstrated  and  found 
to  be  superior  to  the  nonlinear  resistance  multiplier  at  6,25  millimeters. 
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Ill  TUNNEL  DIODE  AMPLIFIERS 


A  TUNNEL  DIODE  CHARACTERISTICS 

The  tunnel  diode  is  an  abrupt  junction  diode  made  from  materials  so  heavily  doped 
as  to  be  def:er, crate  in  both  the  n  and  p  regions.  Because  of  this  construction,  the  current- 
voltage  characteristic  no  longer  resembles  that  of  a  normal  rectifying  diode  but  has  the 
shape  of  Tig.  IIM.  Near  zero  bias  voltage  and  at  all  back  biases,  the  diode  is  highly  con¬ 
ducting.  For  small  forward  bias,  the  current  increases  with  voltage,  reaches  a  sharp  maxi¬ 
mum.  and  then  increases  exponentially  with  further  bias.  The  dotted  line  indicates  how  a 
junction  diode  of  similar  composition  but  with  a  broad  rather  than  an  abrupt  junction  would 
behave,  in  the  reverse  direction  it  would  be  blocking  until  breakdown,  while  in  the  forward 
direction  injection  would  become  large  at  the  same  voltage  where  the  tunnel  diode  goes 
over  into  the  exponential  respoii.se. 

For  a  tunnel  diode  of  germanium,  the  voltage  of  the  maximum  current  occurs  at 
about  50  mv  and  of  the  minimum  at  about  350  mv,  roughly  independently  of  the  fabrication 
detail, s.  The  current  scale  however,  can  be  arbitrarily  changed  by  changing  either  the 
junction  area  or  the  depletion  layer  thickne.ss  (i.e.  the  doping).  Representati:i/c  values  of 
current  range  from  50  /la  to  500  ina,  the  ratio  of  current  maximum  to  minimum  is  around  lO/l 
for  good  units.  The  negative  conductance*,  giveh  by  the  slope  of  the  I-V  characteristic  in 
the  negative  region  may  be  as  bifili  a  mlio  or  more.  ' 

I'igurc  I1I-2  tjio  energy  band  picture  of  a  thnnel  diode^'gives  the  physical  nature  of 
the  Esaki  effect.'  ''  lien;  the  energy- of  a  carrier  in  the  erystnl  is  plotted  as  a  funtjlion 
of  its  position  in  the  Crystal.  The  vCry  high  doping  has  made  both  sides  of  the  junction 
degenerate  and  the  electrons  in  the  n  region  on  one  side  of  tlie  junction  have  the  same 
energy  as  holes  in  the  p  region  on  the  other  side.  (.)uantUin-meclmnics  states  that  under 
this  condition  there  is  a  non-vanishing  probability  that  an  electron  originally  on  one  side 
of  the  junction  can  appear  on  the  other  at  the  same  energy  by  tunneling  through  the  barrier. 
Because  the  junction  is  abrupt  the  thickness  of  the  barrier  is  only  100  A°  and  the  tunnel¬ 
ing  is  a  first  order  effect  making  the  junction  highly  conducting  with  zero  applied  voltage. 
There  is  of  course  no  net  tunnel  current  with  zero  bias,  since  in  thermal  equilibrium  the 
tunneling  of  electrons  from  the  n  to  tlie  p  region  is  identically  cancelled  by  the  inverse 
tunneling  from  the  p  to  the  n. 
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Application  of  reverse  bins  ilisplnces  tlic-  relative  energy  of  the  bands  on  eppsite 
sides  of  the  iunction  by  an  amount  e(|ual  to  the  bias,  as  shown  in  Fig.  l,ll-2b.  The  back 
current  is  increased  because  an  increased  numlier  of  electrons  in  the  p  region  see  equal- 
energy  states  in  the  n  side  that  are  accessible  for  tunneling.  For  small  forward  bias, 

Fig.  Ill-2c,  fewer  electrons  in  the  p  region  find  sites  to  tunnel  to,  and  the  forward  current 
results  from  a  decrease  in  the  inverse  tunneling.  With  increase  in  forward  bias,  the  reverse 
tunneling  drops  to  zero,  which  roughly  corresponds  to  tlie  maximum  in  the  forward  current, 
and  then  the  forward  component  starts  to  drop  as  the  biasing  brings  the  forbidden  region 
of  the  p  side  oppsoite  the  conduction  electrons  on  the  n  side.  The  minimum  is  reached 
when  minority  carrier  injection  becomes  important,  the  exponential  rise  being  due  to  the 
normal  forward  conduction  of  a  diode. 

The  negative  conductance  of  the  diode,  normalized  to  unit  area,  can  be  controlled 
by  controlling  the  t  uineling  probability.  Since  this  is  extremely  sensitive  to  the  thickness 
of  the  junction,  and  since  the  thickness  of  an  abrupt  junction  is  dependent  on  the  free 
carriet  concentration,  the  negative  conductance  can  be  directly  controlled  through  the 
doping  of  the  p  and  n  sides  of  the  crystal. 

B  TUNNEL  DIODE  AMPLIFIER 

Since  Hull  first  disclosed  the  dynatron,'^  negative-conductance  amplifiers  have 
received  sporadic  attention.  As  early  as  1935,  E.W.  Herold,  pointed  out  the  possibility  of 
using  negative  conductance  for  amplification. 'However,  lack  of  convenient  negative- 
conductance  elements  made  such  amplificr.s  una(;jti'active.  The  succe^jsfpl  development- of 
the  tunnel  diode  liad  made  po.ssible  a  new  solid-state  negative-conductance  amplifier. 

TliC  ainplif'icT  circuit  is  shown  in  b'ig..  111-3.1  The  negative-conductance  tunnel  diode 
/I  having  a  (;a|'iicifuiicc  Cj,  is  energized  by  a  baftery  tbrougli  n  de  load  resistance 
Tlie  resistance  •  ,  sliould  be  smaller  than  ilie  negative  resistance  so  tliat  sHtble  biasing 
is  possible.  Tlie  biasi|ig  point  at  wliicli  the  negative  eoiKlucSunce  is  rcaliKcd  is  defined 
by  tlie  tombiiied  adjusfmeiit  of  tlie  series  resistance  ,ind  tlie  supply  .  As  sliowii  in 
I' ig.  IH-3  tile  negative  eonductanee  is  shunted  by  an  rf  tank  wliicli  deterniines  the  ampli¬ 
fier  rcsonniif  ffe]uency  i  .  For  stability,  the  rf  load  conductance  presented  by  the  combina¬ 
tion  of  tlie  generator  cotiduciance  and  tlie  load  conductance  through  a  tap  transforma¬ 
tion  should  lie  larger  than  the  negative  conductance  (.  of  the  diode.  Stable  amplification 
can  be  achieved  only  when  both  tlie  dc  and  rf  load  conditions  are  fulfilled. 

Expressions  for  power  gains  (g^).  bandwidth  (A/),  and  noise  factor  (F)  of  Fig.  Hl-3 
have  been  calculated  they  are 
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Measurements  by  W.H.  Fonger  of  these  Laboratories  have  shown  tliat  the  primary  noise 
in  the  tunnel  diode  is  shot  effect.  is  the  equivalent  transformed  noise  conductance  due 
to  tlie  shot  effect  of  the  diode,  which  has  a  dc  current  1^,  is  the  reference  temperature 
of  tlie  generator  conductance  (0„)  and  T  is  the  ambient  temperature. 


An  experimental  lumped  circuit  based  on  Fig,  111-3  has  been  built.  The  operating 
frequencies  were  80  me,  66  me,  and  30  me.  They  all  gave  stable  gains  of  about  20  db. 


Representative  experimental  results  at  30  me  are  shown  in  the  following  table. 


TABLE  IlM 

EXPERIMENTAL  RESULTS  FOR  CIFJCUIT  OF  FIGURE  ll|.3 


/ 

o 

C 

2M 

N.F. 

DIODE 

CURRENT 

(/to) 

NEGATIVE 

CONDUCT¬ 

ANCE 

(mho) 

LOAD 

CONDUCT¬ 

ANCE 

(mho) 

POWER  GAIN 
(db) 

BANDWIDTH 

(me) 

NOISE  FACTOR 
(db) 

M«as. 

Comp. 

Meos. 

Comp 

Mtfos. 

Comp. 

250 

1 

~375' 

1 

1000 

20 

.23 

2 

3 

4.5 

4.7 

300 

1 

310 

1 

200 

40 

36 

.19 

.16 

6.3 

5.5 

350 

1 

“JoS" 

1 

50 

27 

26 

.8 

1  05 

8.0 

6.8 

The  computed  gains,  bandwidths,  and  noise  factors  are  based  on  Eqs.(IlM)  to  (111-3)  using 
values  of  6'^  0.02  mhos,  40  nn(  and  (uj/n^)^  7.65.  These  values  were  used  in  the 

experimental  amplifier.  It  is  noted  that  these  computed  results  agree  reasonably  well  with 
chose  measured,  . 

The  amplifier  has  much  broader  bandwidth  at  low  gains.  For  instance,  typical  meas¬ 
ured  bandwidths  at  10  d|p  gain  are  of  the  order  of  3  or  4  me.  According  to  Eq.  (III-2)  the 
bandwidth  varies  inversely  as  the  voltage  gain  at  high  values  of  circuit  y's. 

It  is  interesting  to  note  that  the  negative-conductance  tunnel  diode  amplifier  has  a 
striking  resemblance  to  the  ndnlinear-snsceptance  amplifier^  as  far  as  the  gain,  bandwidth 
and  noise  factor  are  concerned. 

For  the  nonlinear-susceptance  amplifier,  it  has  been  shown  that 


(I1I-8) 
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Dy  comparing  Eqs.  (111-8)  to  (111-9)  with  Eqs.  (IIl-l)  to  (111-3)  it  follows  that 


1.  Both  amplifiers  achieve  gain  through  a  negative  conductance.  In  the  nonlinear 
susceptance  amplifier,  the  negative  conductance  is  derived  from  an  rf  pump  through  a  non 
linear  interaction,  while  in  the  negative  conductance  amplifier,  the  negative  conductance 
is  intrinsic  and  is  directly  lealized  from  a  dc  source. 


2.  By  lowering  the  idling  circuits  (_)’s  of  a  nonlinear  susceptance  amplifier,  one 
can  increase  the  bandwidth,  as  shown  by  E<i.  (II1-9).  However,  the  increase  of  bandwidth 
in  this  way  is  accompanied  by  an  increase  in  the  pumping  power.  This  limitation  is  not 
present  in  the  negative  conductance  amplifier  where  the  loaded  n,  is  not  subject  to  any 
limitation. 


3.  At  first  thought,  one  might  well  assume  that  the  tunnel  diode  amplifier,  because 
of  the  shot  noise,  will  generate  more  noise  than  the  nonlinear  susceptance  amplifier.  This 
i.s  not  necessarily  so,  according  to  Eq.  (111-.3).  While  the  tunnel  diode  amplifier  has  noise 
originating  from  shot  effect,  the  nonlinear  ,suscc|itancc  amplifier  has  an  equivalent  noise 
due  to  the  presence  of  the  idling  circuit.  In  practice,  the  idling  circuit  noise  in  the  latter 
case  can  be  minimizetl  by  choosing  a  very  high  idling  frequency  {w_, )  compared  to  the 
signal  frequency.  Analogously,  the  shot-effect  noise  in  the  former  case  can  also  be  re¬ 
duced  by  4s in g  a  source  cc/ndiictnnce  (0'^)  whicli  is  liighcr  than  the  equivalent  noise  epn- 
dudtantf'e  (</'^,)  (see  Eq.  (in“3)s  However,  (lie  negative  conductance  auiplifier  has  the  advan¬ 
tage  of  using  a  dc  .source,  and  design  of  a  high  conductance  source  seeins  ijuite  feasible. 

'  Thu  diodes  which  wore  used  in  tjie  experimental  amplifier  happen  to  be  low  negnrive 
cond'uctance  diodes.  According  to  Eq.  (111-3)  Idw  negative  coiiductance  will  give  higli 
noise  factors.  It  is  tjjuice  conceivable  that  a  diode  can  Ite  made  with  a  negative  conductiiiice 
(.)  0,02  mho,  at  a  diode  current  200  g.a.  giving  a  conductance  ratio  o'^,  •  0.20 

aifd  lienee  a  noise  factor  of  the  order  of  a  few  teiith.s  of  a  db  rcgardle,s.s  of  the  operating 
frequency. 

The  present  experiments  have  demonstrated  the  principle  of  low  noi.se  amplification 
using  the  new  tunnel  diodes,  While  rhe  results  obtained  are  for  the  30—100  megacycle 
range,  there  seems  to  be  no  reason  why  this  principle  cannot  be  used  to  obtain  low  noise 
amplification  in  the  microwave  region.  Diodes  for  this  purpose  should  liavc  the  properties 
of  low  conduction  current  and  high  negative  conductance. 
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In  addition,  while  the  tunnel  dioile  is  employed  in  the  amplifier  as  an  intrinsic  nega¬ 
tive  resistance  as  described  above,  tlse  tunnel  diode  can  also  be  used  in  a  converter  by 
utilizing  the  nonlinearity  of  the  intrinsic  negative  resistance.  A  down  converter  can  be 
realized  with  performance  superior  to  the  nonlinear  positive-resistance  case.  An  analysis 
has  been  made  concerning  general  amplification  and  frequency  conversion  (with  gain) 
produced  by  means  of  a  nonlinear  negative  resistance. 


C  NOISE  THEORY 

The  noise  in  a  tunnel  diode*'*'  bus  Ixien  found  to  be  essentially  of  the  shot  effect 
■■  ’pe.  The  magnitude  of  tlie  excess  noise  factor,  which  is  defined  .is  the  noise  factor  F 
minus  unity,  is 


F  -  1 


(HMD 


where  Ci  is  the  source  conductance  at  a  reference  temperature  is  the  loss  con¬ 

ductance  whicit  contributes  thermal  noise  and  (ij  is  the  equivalent  shot  noise  conductance 
of  the  diode  at  the  amhient  temperature  T. 


If  K  is  the  negative  resistance  of  the  diode  corresponding  to  the  operating  diode 
eyirront  /,  (1  ^  is  the  load  eonductance  and  (i^,  is  tlie  power  gain,  it  follows  that 

-12) 


(.1)  (F  I) 
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where 


(111-13) 


Here  A( F  -  I  >,  the  product  of  the  excess  noise  and  a  constant  depending  on  gain,  is  a 
“figure  of  merit’'  of  the  noise  behavior  of  the  tunnel  diode  aniplifiec.  A  small  value  of 
A(F'~  1}  means  small  ti'Oise  factor  and/or  large  power  gain,  0'^. 


The  purpose  of  this  discussion  is  to  show  analytically  that  with  a  given  I-V  charac- 
terisrir  nf  a  tunnel  diode,  a  minimum  figure  of  merit  exists  at  a  unique  point  on  the  char¬ 
acteristic,  A  further  objective  is  to  suggest  an  ideal  1-V  characteristic  which  can  be  a 
guide  for  the  design  of  tunnel  diode  devices  with  low  noise  factors. 
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riic  l-V  characteristic  of  a  typical  tunnel  dioitc  is  shown  in  Fij;.  III-4a,  Tlic  nega¬ 
tive  slope  portion  of  the  curve  lies  helwcen  V  V'j  ,  and  V  V^,  where  the  slopes  are 
zero.  An  inflection  point  i^)  exists  between  these  two  points. 

Suppose  that  the  nepativc  slope  portion  of  the  curve  be  represented  by  the  following 
function. 

/fV-V, )  (1IM4) 

Then  its  derivative  with  respect  to  V  is 

r  r(v~vj  ^  (111-15) 


where  R,  the  reciprocal  of  the  slope,  is  the  negative  resistance  of  tlie  diode.  Consider 

first  the  case  in  wliicli  the  tircrmal  noise  term  O^R  in  F|.  (111-12)  is  negligible.  The  IR 

product  -  is 
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f(V-Vo)^  Ip 

r(v~vj 
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IR  is  a  maximum  or  a  minimum  at  the  point  (V„j,  1^^)  where 


<I(IH) 
^/(V  VJ 


that  is 


)H-i/(v„.  F„)  ■  ijr'fv-vj 
l/'fv,-!,  )l^ 
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Since 


V,  <  V  < 
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by  Fig.  III-4a 
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E].  (Ul-18)  ''his  becomes 
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It  follows  from  E(].  (111-16)  that 
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Since  --  V^)  4  is  always  positive,  is  positive  acconiing  to  Eq.  (1I1-21). 

Thus  by  the  graph  of  -  V^)  (Fig.  Ill-4c)  must  be  greater  than  ;  that  is,  the 

maximum  or  minimum  IR  product  occurs  beyond  the  inflection  point  (V^  IJ, 

From  the  graph  of  Fig.  III-4,  the  IR  product  has  a  positive  infinite  value  at  both  the 
peak  and  the  valley  points,  it  follows  immediately  that  if  the  IR  product  is  continuous  and 
finite  between  Vj  and  ,  the  product  will  have  at  least  one  minimum  in  that  range.  It  is 
possible  tliat  the  product  may  also  have  maximum  points,  hut  the  positive  statement  one 
can  make  on  tunnel  diode  amplifiers  is  that  the  tunnel  diode  will  exhibit  a  minimum  noise 
beyond  the  inflection  point. 


Tlie  solutions  of  Eq.  (III-22)  represent  all  the  maximum  and  minimum  points  for  the 
IR  preduet,  one  of  whicli  will  yield  ah  optimum  inipimum  noise  factor.  By  making  u^e  of 
Eq.  (111-21),  the  second  derivative  of  Eq.  (III-16)  at  the  optimum  minimum  noise  point 


.ivrj 
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A  minimum  iR  requires  tltat  Eq.  (III-23)  he  negatF.'  ,  Since  '  oth  /f  i  and 

Vj,!  are  positive,  and  F,,!  is  always  negative  be  two  'ii  the  peak  point  and 

the  valley  point,  two  cases  are  possible  for  a  negative  second  derivative  namely, 


ot 


and 


(U  r'(V,„-V„)<.0 
(2)  r'(V,„^VJ^O 

\/"'(v^-vj[iiv,„-vj  .ij\  <  \nv^,~vjr'(v„-vj\ 


(111-21) 
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'  '  ''  liiamcteristic  of  a  practical  tunnel  diode  may  satisfy  either  of  these  two  cases, 

depending  c  the  nature  of  the  diode.  Nevertheless,  Eqs.  (in-2'1)  and  (111-21)  are  the  two 
necessary  contlu!  ns  for  a  minimum  Hi  and  a  minimum  value  of  d(/'-l)does  exist.  This 
minimum  point  (alls  beyond  the  inflection  point  of  the  !-V  characteristic. 

D  SEMICONDUCTOR  OSCILLATORS 

Vacuum  tubes  as  two-ccrminal  negative-resistance  oscillators  are  well  known.  Intro¬ 
duction  of  parametric  and  tunnel  diodes  has  made  possible  similar  solid-state  oscillators. 
Since  the  characteristics  of  solid  stale  devices  are  substantially  different  froio  those  of 
vacuum  tubes,  the  classic  oscillation  theory,’*  which  is  applied  specifically  to  vacuum 
tubes,  should  be  reinvestigated.  The  following  modifies  and  extends  the  existing  theory  to 
solid-state  negative-resistance  oscillators. 

Theory 

Consider  a  simple  oscillation  circuit  as  shown  by  Fig.  111-5.  Tlie  oscillation  circuit 
comprises  a  LC  tank,  a  lo.ss  conductance  G'j,  a  loail  conductance  O’ ,  ,  and  an  active  solid- 
state  negative  coniluctance  devici.’  H  .shown  by  a  dotted  box.  b'or  a  first  approximation, 
assume  the  negative  condufctance  device  to  satisfy  tlie  follosving  ac  I-V  relationship. 

'  '  -  l<C,i  V  >•  (111-25) 

which  coitsists  of  a  linear  Ceriu,,  ji  ifuadraiic  term  and  a  c,ubic  term,  liquation; (111-25),  which 
is  typically  represented,  by  Fig.  Ill”6a,  has  two  xi-ro-slofx;  points  Vj  and  Fj  an4  one  in¬ 
flection  point  V,  hetwe^jn  tliein.df  the  origin  is  taken  at  any  arbitrary  point  between  Vj 
and  F  ,  it  cun  be  shown  that  must  lx;  .positive.  Furthermore,  tlie  sign  of  is  de¬ 
termined  by  the  i>osition  of  the  origin  with  respect  to  the  inflection  point.  In  general,  it 
follows 
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(111-26) 

The  differential  equation  of  free  oscillation  for  Fig.  I1I-5  can  be  written  as 

d^V  0\.  ^  G  f  Fj  dV^ 

dt^  C  di  C  dt  '  C 


dV^  y  - 

- -  (  tuf  F  .  0  (111-27) 

dt 
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where 


V  V/Vf 


v',  ”  v^fi  +  v^J^nQ^/Q/JcJ 
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Efiuatldn  (111-27)  i;;  ;lie  V'riii  l>C'r  Pol  ilill’ercniin  1  e| nation.  The  approximate  solution  is 

known  to  be 


j,  /  G,.  A„r  /sin  to,,/ 

J  1/  •  l  -  -  I)V'^ 

(111-33) 

where 
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G,. 

(IIl-3'l) 

At  steady  state; 

i.O.  ,  /  rtu 

/  G 

V  2  1  — Sin  o>  1 

(111-35) 

When  the  effeetive  is  large,  the  oscillatiWi  will  no  longer  he  a  simple  sinusoidal  func¬ 
tion,  but  in  general  consists  of  disthrted  harmonic  waves,  which  are  to  be  ignored  in  die 
present  analysis. 

Power  Output  and  Efficiency 

The  steady  state  power  output  /’^  into  the  load  conductance  is 


P 

O 


V'  G, 


Apparently,  E  j.  (111-36)  has  a  maxiiniiin  when 

t<Vj  -  Gj 
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and  the  maximum  power  is 


2 

(P  )  max.  (111-38) 

Eq.  (111-38)  gives  the  maximum  power  output  at  a  given  l)ia.sing  point.  That  tliLs  maximum 
power  output  can  again  lx;  optimised  by  shilting  the  bia.s  will  now  be  shown 

On  shifting  the  origin  of  Fig.  111-6  to  any  arbitrary  point  V  ,  F.|.  (Il!-25) 

becomes 

>  -  ••  (111-39) 


where 
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The  maximum  power  is  tlicn 


(P  )' 
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E(f.  (III-41)  has  a  maximum  value  when 


,,  (111-42) 


according  to  Eq.  (I1I-.32)|  V'';,  tliu.s  iU  tlie  inflection  ppint,  the  power  output  is  a  maxi- 

niuni,  -1. 

i!  ' 

The  efficiency  (r;)|:is  defiiietl  as  the  ratio  of  the  power  output  (/„)  to  th<!  power  input 
(/’.  ),  that  is 


■'/  r 


(111-43) 


The  power  input  may  be  a  d.c.  source  in  the  tunnel  diode  oscillator  or  an  a.c.  pump  in  the 
parametric  oscillator. 


Tunnel  Diode  Oscillator 

The  typical  I-V  characteristic,  of  a  tunnel  diode  is  sliown  by  the  solid  curve  in  Fig. 
II1-6.  For  a  crude  but  simple  approximation,  assume  that  the  cliaracteri.stic  in  the  negative 
slope  region  follows  E].  (111-25).  This  assumed  characteristic  is  represented  by  the  dotted 
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curve.  As  shown,  between  the  point  V  ■=  Vj  and  the  point  V  assumed  curve  does 

match  reasonaldy  well  with  the  experimental  one. 

To  determine  the  rf  loss  conductance  Cj ,  the  series  resistance  of  the  tunnel  diode 
should  also  be  taken  into  account.  Figure  III-7  shows  a  practical  tunnel  diode  oscillator 
circuit  in  which  is  the  series  resistance,  is  the  coupled  load  resistance,  L  is  the 
tank  inductance  and  C  is  the  diode  capacitance.  By  a  simple  circuit  transformation,  Fig. 
III-7  can  be  reduced  to  a  parallel  circuit  Fig. 111-8  similar  to  Fig,  III-5.  This  modified 
tunnel  diode  oscillator  circuit  will  yield  at  resonance  a  power  output 
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Denoting  -p—  and  IGqI  “  R„  and  assuming  r^to  be  small,  Eq.  (111-44)  has  a  maxi¬ 


mum  when 
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If  the  d.c.  voltage  and  current  at  the  biasing  point  are  V  ^  and  /  ,  by  letting 
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the  maximum  efficiency  is 
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Example;  Given  From  Figure  111-6  and  Figure  III-7 


(•a 

-.0545 

mho 

^’1 

.1735 

mho/V 

(j2 

6.07 

mho/V  ^ 

.  56 

mV 

125 

mV 

3 

ma 

OJ 

=  2i7x2900 

C 

7.5  wtf 

T 

S 

.38 

The  maximum  power  output  is  computed  to  be  .065  inw  at  an  efficiency  of  17.3%. 
The  measured  power  outputs'®  were  in  the  range  of  .02‘1  to  .050  mw. 


IV  TUNNEL  DIODE  CONVERTER 

A  SMALL  PUMP  THEORY 

The  purpose  of  this  study  is  to  investigate  a  down  converter  using  a  tunnel  diode 
(Esaki  diode)  as  the  nonlinear  resistance  clement,  The  fact  that  the  negative  resistance 
characteristic  of  a  tunnel  diode  can  be  utilized  to  achieve  low  noise  amplification  has 
already  been  demonstrated.'^  It  is  now  shown  that  the  nonlinearity  of  this  negative  re¬ 
sistance  characteristic  can  lx;  used  for  frciiuency  conversion.  Since  the  nonlinearity  of  a 
resistance,  is  utilized  for  frei|uency  conversion,  the  noise  factor  is  independent  of  the 
ratio  of  the  input  frctiuency  to  the  output  freriuency.  Thus  by  using  a  tunnel  diode,  .ai  low 
noise  down  converter  with  conversion  gain  has  been  achieved.® 

Analysis 

The  converter  circuit  to  be  analyzed  is  sliown  in  Fig.  IV-1  which  also  establishes 
the  notation  to  be  used  in  the  following  analysis.  The  three  tank  circuits  whicli  resonate 
at  cij  ,  the  input  signal  frequency,  the  difference  fre<|uency,,  and  «>,  i  ,  thc.‘ 
local  osciiiator  frequency,  are  coupled  together  by  theauiinel  diode. 

>'•  '•  "  ?' 

Tlie  analysis  proceeds  iii  a  manner  entirely  similar  to  dial  for  tlie  small  signal  pon- 
linear  reactance  case.'^  The  I-V  eharacterisiic  of  the  tunnel  dioile  (Fig.  lV-2)  at  the  t>pet> 
ating  point  "F”  can  be  repr,^sented  by  a  (|iiadraiic  relation 

II  . 

■I  ■ 

■'  '  '  '  j  ,  ^  (iv-i) 

Art  operating  iioint  in  the  positive  resistance  region  is  chosen  for  reasons  to  be  discussed 
later.  The  curretits  at  the  tlitee  frequoncies  are 

I,  V3  (cy,>-fj  V,  F^  (IV-2) 

where 
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Gj  Cj  +G 


B,  ^  fo,  C, 

^  ^  <a/ 
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Oi  a—  £U  •'/to 


6>  .%  Ci)a  ~  £lI 


(IV-3) 


The  small  signal  analysis  neglects  the  etfcct  of  the  nonlinear  intetaetion  on  die  local 
oscillator  current.  Hence,  Q  Vj  V2  is  neglectoil  in  the  third  of  Equations  (IV-2). 

In  Eqs.  (IV-3i  Cj  G^  and  Gj  are  the  loss  conductances  of  the  respective  circuits. 
These  loss  conductances  consist  of  the  circuit  and  the  tunnel  diode  ohmic  losses.  The 
capacitances,  Cj  and  G^  similarly  consist  of  die  circuit  and  tunnel  diode  capacitance,  Cp. 


Conversion  Power  Gain 

The  conversion  power  ratio  under  matched  conditions  is  defined  as 

Gt, 


S,- 


4C.. 


(IV-4) 


Solving  Eq.  (lV-2)  one  obtains 


l(J,  (Tj-y^vfP' 


(IV-5) 


li'l nation  (lV-5)  is  a  general  expre.ssion  for  the  conversion  power  ratio.  When  0'^^  is  positive, 
the  r^tio  can  be  eitlier  greater  or  less  than  unity,  depending  on  the  I"V  characteristic  of 
the  nonlinear  conductance.  In  order  to  obtain  a  conversion  gnin  (i.e.  \/gT '  /)  with  a  posi¬ 
tive  ,  it  follows  from  Eq.  (IV-5)  that 

Go 


Since 


I  (lV-6) 


(lV-7) 


when  Gq  is  positive,  Eq.  (IV -6)  is  satisfied  if 
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(IV-8) 


Equation  (IV-8)  is  the  necessary  condition  for  gain.  This  equation  shows,  together  with 
Eq.  (IV'l),  that  the  1-V  characteristic  whose  origin  is  at  the  operating  point  (such  as  "P" 
in  Fig.  IV-2)  must  exhibit  a  maximum  value,  and  that  the  local  oscillator  voltage,  V^, 
must  be  sufficiently  large  so  that  it  swings  the  current  below  the  value  of  the  current  at 
the  operating  point.  In  the  case  of  an  ordinary  crystal  detector,  tlie  I-V  characteristic  ex¬ 
hibits  no  such  maximum  and  Eqs.  (IV-1)  andOV-8)  can  never  be  satisfied  simultaneously. 
It  is  important  to  note  that  Eq.  (IV-8)  can  be  satisfied  when  the  operating  point  is  chosen 
in  the  region  where  V  <  and  where  is  positive. 

For  the  region  V  >  ,  Eq.  (lV-8)  still  applies.  In  this  region,  however,  the  diode 

current  is  due  to  minority  carriers  and  so  it  is  probably  not  suitable  for  high  frequency 
conversion. 


For  the  region  <  V  <  Vg  ,  the  Gq  is  negative  and  stable  biasing  becomes  critical. 
It  is  difficult  to  find  a  stable  operating  point  without  having  the  device  break  into  spurious 
oscillations,  because  of  the  voltage  swing  of  the  local  oscillator. 


In  order  to  normalize  the  conversion  power  ratio  Eq.  (IV-5)  let 


G,  C!^ 


(lV-9) 


(lV-10) 


>2^-2 


(IV-11) 


w ,  C 


(lV-12) 


—  <Oy  (Zp 


(IV-13) 


-  ^  P/, 


(IV-14) 
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Equation  (IV-5)  then  becomes 


4X 
"  (  J  - 


(IV  15) 


This  equation  is  shown  in  graphical  form  in  Fig.  IV-3. 

Bandwidth 

Assuming  that  the  half-power  frequencies  are  near  the  resonant  frequency,  the  fol¬ 
lowing  approximation  can  be  made 


B  j  r.  <0, 


I  (o  £0  A  .  , , 

_  ..  _ 1  -  4  f  w  -  w 


j)C, 


(IV-16) 


^2  -  -2C,  -to)  C,  (IV-17) 

y  (*>2  tt>a  “  (Of 


By  defining  the  relative  bandwidth  as  lij  ■  ——  and  defining 

h 


S,  2QjH, 


(lVd8) 


and 


ii  5^  wj 


(lV-19) 


one  obtains 


l2r.(/  -A)-  (I  I  f)”*]  «  -  A)  -  (  /  I  c)^]^  I-  4A/-A)^ 


(lV-20) 


For  the  case  of  high  gain,  i.e.  A  '  I ,  Eq.  (1V'20)  becomes 


I  A  ,  I  2V  -  ; 

'/he-  TTT  g; 

and  the  voltage  gain-bandwidth  product  is 

This  equation  is  shov/n  in  graphical  form  in  Fig.  lV-4. 


(lV-21) 


(IV-22) 
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Noise  Figure 


The  noise  figure  can  be  found  by  considering  the  currents  in  Eq.  (IV-2)  to  be  due  to 
the  thermal  noise  sources  of  the  circuits 


4/:A/('C/Y  7' I  CpY 


where 


k  Boltzman’s  constant 

-  Reference  temperature  (290°K) 

T  =  Ambient  temperature 

^  Equivalent  shot  noise  conductance  of  the  tinncl  diode 
c  i 

^  — -  I  -!  DC  current  of  the  tunnel  diode 

e  2i.;-  .  o 


1^1  Equivalent  noise  currents 


(IV-23) 


Equation  (lV-2)  can  then  bo  written  as: 


v;  V3i^ 

lA/ 

iv,?, 

V,  E,  1^ 

From  the  definition  for  the  noise  figure  one  obtaint 


A/„ 


N-.r 
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(lV-24) 


('IV-25) 


After  solving  Eq.  (IV-2'1)  for  V  and  substituting,  Eq.  (lV-25)  becomes 


fCj,  >-G2  ■  O', 


; 


(IV-26) 


In  Eq.  {IV-26),  a  compensation  noise  term'^  has  been  ignored.  It  can  be  shown  that  this 
term  is  comparatively  small  particularly  when  the  pump  voltage  is  small  and  G^  is  chosen 
to  be  much  larger  than  G^.  A  simplified  expression  of  this  equation  is  shown  in  graphical 
form  in  Fig.  IV-5. 
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B.  COAXIAL  LINE  CIRCUIT  FOR  UHF  DOWN  CONVERTER 


Various  cxpet!nieii,tal  set  ups  have  been  built  in  an  effort  to  prove  the  above  devel¬ 
oped  theory  and  to  investigate  the  feasibility  of  certain  circuit  configurations. 

The  first  circuit  to  be  build  used  coaxial  lines  and  double  stub  tuners.  This  method 
offered  the  advantage  of  ready  availability  and  flexibility  which  was  an  important  factor 
for  early  experiments.  It  did,  however,  impose  the  disadvantage  of  sharp  and  narrow  tuning, 
which  in  turn  contributed  to  narrow  bandwidth.  It  also  involved  considerable  space  demands 
which  became  '(uite  awkward  at  frequencies  ixriow  1000  me.  A  block  diagram  of  this 
"coaxial  line"  circuit  is  shown  in  Fig.  lV-6.  The  operating  frequencies  were  jj  -  210  me, 
/2=  30  me,  and  240  me. 

Figures  lV-7  and  IV-8  show  typical  curves  of  the  I-V  characteristic  of  the  germanium 
and  gallium  arsenide*  tunnel  diodes  that  were  used  in  the  above  experiments.  The  german¬ 
ium  diode  has  a  peak  current  of  25  ma  at  62  rnv,  its  operating  point  was  chosen  at  18  ma 
and  29  mv  yielding  a  positive  .42  mhos.  The  gallium  arsenide  diode  had  a  peak  cur¬ 
rent  of  23.6  ma  at  100  mv,  the  operating  point  was  at  20  ma  and  60  inv  with  a  positive 
.21  mhos. 

To  complete  the  calculations  according  to  Eqs.  IV-15,  IV-2'2,  and  IV-26,  it  is  neces¬ 
sary  to  know  the  values  of  certain  circuit  parameters.  For  the  case  of  the  experimental 
circuit  of  Fig;.  IV-6,  the  following  values  were  measured.  The  values  of  A  were  cli()sen 
to  give  agreement  with  measured  gr\in  ratios. 


TABLE  IV-1 


Gormnnium  Diodes  A  ..  .43 

C  A  (>j  1000 

4  mhos,  G)  !4  mli.os, 

Gj  O  i 

*  20  '  ,36  mhos 

G„  .12  mhos 

Gnlliuin  Arsenide  A  .88 

,c'  .1  Q,  100 

4  mhos,  Gj  mhos 

Gj  0^  •  0 

G^,  .40  mhos 

.21  mil  os 

Representative  results  are  shown  in  the  following  Table,  and  compared  with  com¬ 
puted  values. 


The  gallium  aisenide  diode  is  an  experimental  sample  developed  by  Advanced  Dcvclopmen  G  oup  of 
UCA  Seiiiicunducior  Division^  Somerville,  New  Jersey* 
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TAiJLK  IV'2 


POWER  GAIN 

aANDWlDTH 

CONVERTER 

NOISE  FIGURE 

SENS 

DIODE 

Maos. 

Gimp. 

Maos. 

Comp. 

Maos. 

Comp. 

Maos. 

Germanium 

6  db 

6  db 

.9  me 

.6  me 

5.2  db 

4.4  db 

1.5  gv 

Gallium 

Arsenide 

22.7  db 

22.7  db 

.15  lilt 

.  20  me 

2.8  db 

3.8  db 

0,23  gy 

It  is  noted  from  Figures  lV-7  diid  !V-8  tlittt  the  operating  points  for  the  diodes  were 
chosen  at  a  region  where  the  slope  of  the  1-V  characteristic  is  positive.  These  operating 
points  were  established  by  the  initial  DC  current  from  the  bias  supply  and  the  rectified 
RF  current  of  the  local  oscillator. 

Conversion  ’cin  will  result  for  positive  when  the  requirements  of  Eqs.  (lV-1) 
and  (IV-8)  are  met  simultaneously  (see  Fig.  IV-3).  w  ill  be  largei  than  wlion  the 
RF  voltage  swing  of  the  local  oscillator  is  large  enough  to  drive  across  the  peak  of  the 
1-V  curve  and  into  the  negative  slope  region  until  the  instantaneous  values  of  the  current 
are  smaller  than  the  DC  current  at  the  operating  point. 

However,  any  appreciable  voltage  swing  into  the  ncgativi!  slope  portion  will  make 
the  system  unstable,  particularly  wlten  the  ndgatiVe  slope  is  very  steep.  For  this  reason 

ij  ,  , 

it  is  more  difficult  to  obtain  high  gain  with  gernia,|iium  tiiodes,  where  the  negative  slope 
is  much  steeper,  tiian  for  gajiium  arsenide.  Had  knot  ken  for  tJii.s  stability  prohlem,  the 
germanium  diodes  would  liiuk’  yielded  the  same  iow  noise  factor  as  the  gallium  arsi-nide 
diodes.  '  H 

i 

Further  consideration  of  Eqs.  (IV-22)  and  (lV-26)  will  sliow  the  approach  to  optimujn 
bandwidth  and  noise  faciui,  (see  Figs.  IV-^,aiid  IV-!>).  For  itnproved  haiulwidih  the  par¬ 
ameter  c  should  be  mode  small  and  the  circuits  (J  values  should  also  he  made  small. 

/since  Qi  ^  tiHy  ijuined lately  suggests  that  the  circuit  capacii.iiiues  aiiu  ^specially 

f'i 

the  diode  capacitance  should  k  made  as  small  as  possible,  h'or  improved  noise  fr.  ‘tor 
O'  should  be  made  larger  than  C,  . 

The  possibility  of  obtaining  conversion  u;  hig  a  lower  pump  frequency  is  to  be  note  . 
In  this  case  the  nonlinearity  of  the  diode  characte. istic  crjuld  be  used  to  produce  the  de¬ 
sired  harmonic  of  the  lower  pump  frequency  for  mixing.  It  is  also  noted  that  the  possibility 
of  making  the  diode-pump  circuit  self  oscillatory  exists.  Thus  direct  down  conversion  can 
be  ditained  without  a  separate  local  oscillator. 
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Both  these  po'^<-ihilities  were  reduced  to  i<taetice  and  deinonstrated  in  the  above 
circuit.  For  tlie  iitst  case  a  of  400  me  was  pumped  with  a  local  oscillator  of  185 

me  (instead  of  370  me)  and  the  desn  1  intermediate  frefjuency  of  30  me  was  obtained 
with  comparable  results  for  gain,  bandwidth  and  noise.  In  tlic  second  case  a  diode  with 
low  series  resistance  and  relatively  low  capacitance  was  used  in  tire  converter  circuit 
and  biased  at  an  ojxtrating  point  near  its  peak  current.  With  only  signal  voltage  applied 
(at  210  me)  the  intermediate  frequency  of  30  me  was  obtained.  Tlie  diode  tlius  acted  as 
its  own  local  oscillator.  However,  the  pumping  in  this  particular  case  was  not  strong 
enough  to  obtain  conversion  gain,  and  the  noise  figure  was  only  comparable  to  that  of 
ordinary  crystal  diodes. 

C.  S-BAND-DOWN  CONVERTER 

While  previous  experiments  had  worked  witli  signal  frequencies  at  200  and  400  me, 
efforts  were  also  made  to  extend  the  frequency  range  of  the  tunnel  diode  down  converter 
into  ilio  kMc  range. 

One  experiment  was  carried  oiit  in  the  "S”  band  range  and  used  a,  signal  frequency 
of  2800  me,  a  local  oscillator  of  2830  me,  and  an  intermediate  frequehey  of  30  me.  The 
tunnel  diode  chosen  for  this  experiment  was  es|X3cially  prepared  by  the  Semiconductor 
Group  of  the  RCA  Laboratories.  A  directional  coupler  w.is  utilized  to  feed  both  the  signal 
and  tlie  local  oscillator  frequencies  to  the  tunnel  diode  (see  Fig.  IV-9  for  a  block  diagram 
of  this  circuit).  The  higli  directivity  of  the  coupler  pfeveritod  the  signal  generator  from 
being  loaded  by  the  local  oscillator.  The  tunndl  diode  itself  was  mounted  inside  a  coaxial 
Connector,  as  shown  in  the  detail  of  Fig.  lV-9.  , 

The  results  obtained  from  this  test  wdre  very  promising  as  far  as, the  noise  factor 
was  concerned  (approx,  5  db),  but  tlie  bandwidth  was  less  than  1  me.  A  study  of  the 
equation  for  the  gain-bandwiiltli  product 

t 

shows  that  for  a  high  value  of  c  the  bandwidth  would  be  narrow.  The  factor  r  is  propor¬ 
tional  to  the  ratio  of  signal  frequency  to  intermediate  frequency,  and  in  this  particular 
case  was  2800/30  93.  Thus  the  narrow  bandwidlli  was  the  direct  result  of  this  ambitious 

down-conversion  ratio,  A  more  conservative  ratio  should  result  in  broader  bandwidth.  Un¬ 
fortunately,  this  part  of  the  test  could  not  be  made,  as  the  diode  became  inoperative 
when  the  junction  lead  wire  connection  oi)ened  up.  Subsequent  measurements  with  other 
diodes  built  with  larger  and  less  fragile  junctions  did  not  yield  as  ^ood  results. 


yfX. 
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For  good  resuJts  in  the  kMc  range  it  is  neressnry  that  the  cutoff  frciiiieiicy  of  the 
diode  be  sufficiently  higher  than  the  rc  inired  operating  frcjiiency.  This  frequency  limita¬ 
tion  of  the  diode  comes  mainly  from  the  capacitance  and  series  resistance  of  the  diode 
itself.  The  capacitance  especially  should  be  as  low  as  possible.  At  tlie  moment  (and 
probably  until  new  materin Is  become  available)  low  capacitance  can  only  be  achieved  by 
making  the  area  of  the  junction  as  small  as  possible.  Severe  fabrication  problems  will 
have  to  be  overcome  before  stable  junction  of  fractions  of  one  mil  in  diameter  can  be 
produced. 

D.  LUMPED  PARAMETER  CIRCUIT  FOR  UHF  DOWN  CONVERTER 

Still  another  problem  that  exists  with  the  application  of  tunnel  diodes  in  down- 
converters  is  related  to  the  proper  choice  of  generator  and  load  admittances.  The  equation 
for  the  noise  figure  shows  that  fot  low-noise  jxjrformance  the  ratios  of 
G  /G  should  be  made  small.  Since  for  a  certain  diode  the  values  of  G„  and  G,  at  the 
operaliing  point  are  more  or  less  given,  the  only  recourse  left  is  to  make  Cj,  large.  Thus 
valuotj  -  .1  mho  or  tuorc  liccomc  desirable.  This  obviously  calls  for  low  impedance 
circuitry,  and  since  most  of  the  conventional  microwave  equipment  is  terminated  in  50 
ohms,  considerable  impedance  transformation  is  necessary, 

.Early  experiments  accomplished  this  impedan;pe  transformation  by  means  of  a 
doubjie  stub  tuner,  But,  as  mentioned  before,  the  disadvantage  of  narrow  tuning  together  . 
with  the  space  demands  of  the  coaxial  lines,  called  for  a  more  pracilcal  solution. 

Uasoti  on  (liese  considerations,  a  tuned  circuit,  consisting  of  lumped  parameters 
was  built,  which  is  capable  of  transforining  the  output  impedance  of  the  signal  generator 
from  50  ohms  doil'n  to  1  olim.  The  complete  circuit  of  this  down-converter  from  dOO  to  30 
rnc  is  shown  in  I'ig,  IV-iO,  The  input  circuit  of  the  converter  is  broad  enough  to  accept 
not  only  the  signal  freiuency  hut  the  local  oscillator  with  sufficient  amplitude.  For  this 
reason  it  is  possible  to  use  the  directional  coupler  ns  a  common  input  and  injection  point. 
Figure  IV-11  shows  a  photograph  of  the  actual  converter. 

For  tlie  final  evaluation  of  the  tunnel  diode  converter  tlie  test  set-up  sliown  in  Fig. 
IV12  was  selected.  Noise  factors  were  measured  with  the  help  of  the  "AIL-TOA”  noise 
source  (which  is  essentially  an  argon  discharge  lamp  giving,  white  noise  from  200  to  2600 
me,  with  an  excess  noise  of  15.2  db),  atid  its  companion  equipment,  the  ''AlL-74”  Auto¬ 
matic  Noisc-F’igure  Indicator.  The  ''automatic”  feature  of  this  e|uipme«t  was  used  to  ad¬ 
just  the  tunnel  diode  converter  to  its  optimum  operating  condition.  The  actual  test  readings 
were  then  obtained  by  "manual”  control. 
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The  remaining  equipment  can  be  diviJed  into  functional  units.  A  signal  generator 
for  single  sideband  noise  mcasuiements,  and  for  accurate  deteimination  of  bandwidth  and 
tangential  sensitivity,  as  well  ns  for  image  and  spurious  frequency  responses,  A  sweep 
signal  generator,  covering  both  the  RF  and  IF  range,  for  quick  optimization  of  converter 
and  IF  bandwidths.  Both  generators  are  coupled  to  the  noise  source  through  a  20  db  pad, 
which  also  serves  as  50  ohm  termination  for  the  source.  The  noise  source  feeds  the  signal 
to  the  converter  inpur  through  a  10  db  pad,  an  adjustable  coaxial  transmission  line  and  a 
directional  coupler.  The  reason  for  using  the  directional  coupler  is  to  decouple  the  local 
oscillator  from  the  signal  generator  when  making  single  sideband  noise  factor  measure¬ 
ments.  The  output  of  the  converter  is  connected  to  a  ‘‘pre”  IF  amplifier,  operating  at  30 
me.  This  amplifier  has  a  bandwidth  of  6  me.  and  a  noise  factor  of  3  db.  The  “pre”  IF 
amplifier  is  coupled  to  the  Automatic  Noise-Figure  Indicator  through  a  ‘‘■precision”  ad¬ 
justable  attenuator.  The  “ANFI”  consists  of  a  square-wave  modulator  for  the  noise 
source,  a  gain  controlled  “post”  IF  amplifier,  detector  and  differential  output  circuits, 
and  a  meter  calibrated  directly  in  decibels  of  noise  factor.  In  addition  a  Tektronic  545A 
oscilloscope  was  used  to  monitor  the  wave  shape  of  the  modulated  noise  source.  The 
oscilloscope  gives  an  excellent  visual  comparison  of  the  noise  power  output  with  the 
noise  generator  on  and  off.  Any  circuit  instability  can  be  quickly  noticed,  and  misadjust- 
ments  in  tuning  or  biasing,  which  might  cause  erroneous  results,  can  be  avoided.  Figure 
IV  13  shows  a  picture  ofithe  .scope  tracings  of  t|ic  IF  bandwidth,  and  the  noise  output 
with  the  noise  generator  modulated. 

The  tunnel  diode, s  u.sed  in  this  work  were  germaniutn  tlioHes  with  a,  peak  c'ljrrent  of 
.9  ma  at  55  mv,  a  valley  current  of  0.1  tna  atid  a  capacitance  of  approximately  10  pgf. 

Figure  IV"14  .sliows  the  behavior  of  the  ntrise  factor  of  the  converter  (ineluding  the 
IF  amplifier)  us  a  function  of  bias' voltage.  A  brief  explanation  of  the  te.st  phieedure  will 
help  in  understanding  the  re.sults  / 

First  the  diode  wan  biased  at  an  operating  point  near  the  peak  cuirent,  then  tlie  in¬ 
put  network  was  tuned,  and  tlic  local  oscillator  voltage  varied  Until  a  low  noise  factor  was. 
obtained.  Next  the  coaxial  line  and  IF  amplifier  were  adju.sted  to  give  a  minimum  noise 
factor.  the  operatitig  eotidition.s  of  tlie  converter  established  at  this  point  a  system 
noise  factor  of  3-0  db,  a  bandwidth  of  1.0  me  .and  a  conversion  power  gain  of  27  db  were 
measured.  Finally  the  diode  bias  Wii.s  varied  and  tlie  resulting  changes  in  noise  factor 
were  observed. 

As  can  be  seen  from  Fig.  IV-M.  the  noise  f.ictor  under  tlie  desciibed  tuning  condi¬ 
tions  is  Very  critical  to  bias  voltage.  Obviously  the  circuit  parameter  directly  responsible 
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for  this  behavior  is  the  diode  conductance  G^,  which  changfjs  as  the  bias  is  varied.  At 
the  same  time  the  ratio  of  diode  conductance  to  signal  generator  conductance 
changes  drastically.  How  this  in  turn  effects  the  noise  factor  can  be  seen  from  the  follow¬ 
ing  considerations: 

From  Eq.  (IV-2) 

v,c, 

0  .  v^G^  -Qv^v; 

one  finds  /j  =  Vj  Gj  ~  — — ~  Vj 
^2 


and  using  the  gain  parameter  X  =  -=^ — 


OjC^ 


-  V,  G,  (l-K) 


(IV-27) 


Then 


r.  G,n-X) 
V, 


(IV-28) 


and  from  Fig.  IV-10  it  follows  that  Yj  u-  i  G,„ 

I 

thus 

-■  Gj  f  /  ~  XJ  -  G„  ’  A;  G„ 


(IV-2  9) 


(IV-30) 


where  Aj  is  a  coupling  coefficient,  such  that  for  iriatclied  input,  i.e.,  G,,,  6^.,  the  coup¬ 

ling  coefficient  kj 


.Solving  Eq.  (IV-30)  for  G^  one  obtains 


i  -  X 

Tjrr 


(IV-31) 


and  substituting  into  the  noise  factor  Eq.  (lV-26)  one  can  write  approximately  (with =  i 
and  ^  assumed  small)  “ 

av.52) 
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A  ijuaHtative  analysis  of  Eq.  (IV-32)  shows  that  for  ^  I  k  kj  <  o  and  for  large  gains 
(A  •  1)  the  noise  factor  can  be  made  very  low.  However,  Eq.  (IV-JO)  also  sliows  that  for 
these  conditions  (7.,,  ^  ,  that  is  to  say  that  the  input  of  the  converter  circuit  will  be 

mismatched,  and  its  stability  critical  to  changes. 

The  stawlity  can  be  improved  if  one  is  willing  to  accept  a  higher  noise  factor  and 
lower  conversion  gain.  For  values  of  positive  kj  (o  <  kj  <  Hand  approaching  unity,  and 
low  A,  the  input  admittance  becomes  matched  and  the  circuit  is  input  stable.  An  evalua¬ 
tion  of  Eq.  (IV-32)  for  kj  -  i  gives 

Ft  1  I  i — 

(/-AjA 

which  has  a  minimum  point  for  A  .5,  yielding  a  minimum  noise  factor  under  matched  con¬ 
ditions  of  P  -  9.5  db.  Experimentally,  with  reasonable  good  stability  and  matching 
(k^  t  1.0),  a  system-noise  factor  of  8.5  db,  a  bandwidth  of  6  me  and  a  conversion  gain  of 
1  db  were  found.  Tlic  effect  of  spurious  responses,  principally  the  image  response  was 
negligible,  since  the  iamge  rejection  was  greater  than  10  db. 

Another  important  characteristic  of  a  first  stage  converter  is  its  capability  of  hand¬ 
ling  large  input  signals  without  overloading.  The  maximum  usable  input  signal  can  then  . 
be  defined  as  the  liighest  level  of  input  signal  for  which  the  converter  gives  acceptable 
perfjprinancc.  The  test  procedure. is  simple  and  .straiglttforward.  With  ilic  converter  controls 
remalining  fixed  at  the  optimum  porforiiiahce  positions  the  input  leve'l  of  tlio  converter  is 
gradually  increased,  and  the  liigliest  input  signal  for  whicli  the  distortion  is  trivial  is  re¬ 
corded.  This  test  was  rejioatcd  for  various  values  of  modulation  from  30?o  to  90%  with  the 
freiiuency  of' modulation  dOO  cps.  Thu  detector  output  wa.s  carefully  observed  on  an  oscillo¬ 
scope,  and  the  r.f.  input  voltage  noted  when  di.storiion  in  the  sinu.soidal  output  waveform 
ap]?eared. 

The  results  of  these  tests  demonstrated  that  the  tunnel  diode  converter  iiS  capable 
of  receiving  input  signals  of  at  least  100  millivok.s  Ijefqre  overloading.  This  held  for 
modulations  front  30  to  70%,  and  only  at  90%  was  a  reduction  to  80  millivolts  observed. 

At  an  input  impedance  of  50  ohms  tliis  corresponds  to  a  7  dbm  power  handling  capability. 
While  this  is  a  bery  respectable  performance,  it  was  ho/  the  real  limitation  of  the  converter 
itself,  but  a  value  imposed  by  the  overloading  of  the  IF  amplifier  wliich  followed  it. 

An  interesting  experiment  was  performed  in  conjunction  with  the  present  converter 
circuit,  v/hen  an  attempt  was  made  to  operate  the  tunnel  diode  without  any  external  D.C. 
bias  supply.  Figure  lV-15  shows  the  circuit  of  the  self  bias  scheme.  The  diode  establishes 
its  own  operating  point  through  the  rectification  of  the  punrp  voltage  Iron,  the  local  oscillator. 
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Optimum  results  were  obtained  witli  a  series  resistance  of  lOOK  and  an  average  D.C. 
diode  current  of  1  microamp,  yielding  a  bias  of  100  mv,  which  is  near  the  inflection  point 
of  the  negative  conductance  region.  At  this  point  a  noise  figure  of  7.5  db,  a  bandwidth  of 
1  rnc  and  unity  gain  svete  measured.  These  results  are  not  as  good  as  the  best  obtained 
with  external  d.c.  bias,  yet  the  obvious  simplification  and  cost  reduction  achieved  through 
tlie  elimination  of  the  d.c.  bias  supply  might  make  a  compromise  in  performance  attractive' 
for  certain  applications. 

Previous  theoretical  considerations  have  shown  that  the  tunnel  diode  down  converter 
is  capable  of  yielding  high  conversion  gains  and  low  noise  factors.  However,  it  was 
noticed  that  the  operating  conditions  required  for  low  noise  factors  also  made  the  circuit 
sensitive  to  changes  in  the  input  impedance.  This  sensitivity  with  respect  to  the  input 
impedance  is  due  to  the  fact  that  the  input  for  a  low-noise  Itigh-gain  operation  is  far  from 
matched.  This  is  shown  in  Eqs.  (lV-30)  to  (IV-32).  In  order  to  operate  at  a  matched  condi¬ 
tion  the  tunnel  diode  can  be  biased  at  the  positive  slope  side  of  tlie  I-V  characteristic  and 
the  conversion  gain  be  reduced.  The  noise  factor  in  the  matclied  case  will,  of  course,  be 
degraded,  llowever,  the  stability  will  be  improved  and  the  bandwidtli  increased.  These 
features  have  been  verified  in  the  second  mode  of  opc'tation. 

a)  Mismatebeti  Case 

The  mismatched  case  is  quite  difficult  to  evaluate,  since  some  of  the  circuit  parani' 
eters  are  not  readily  available  for  measurement,  but  must  be  estimated. 


It  has  been  demonstrated  before  that  low  noise  factors  cun  be  obtained  with  higii 
gain  (j.e.,  high  A).  Fuirthermore,  Eq.  (1V*26)  points  but  additional  means  for  achieving  low 
noise  factors,  Obviously  the  shot  noise  coiitrihution  (0'„  '  20  1^)  should  be  made  i»s  small 
as,  possible,  It  is  a  Iso/ desirable  to  make  tlie  conductance  of  the  signal  generator,  , 
large  as  this  helps  to/reduce  the  ratio  of  G^/G^.  With  these  considerations  in  mind  the 
fj'iUowing  is  bclieved|to  be  a  reasonable  description  of  the  niisnmtched  case  For  a  mis¬ 
match  of  k,  -  .9  and  a  high  gain  A  -  ,9  the  required  C  •  G,  '-  A  5Q(j  _ 

'  ‘  -  A  ” 

operating  point  near  the  peak  current,  G^  ,001  mhos  and  with  G^  .050  mlios  Gj  becomes 
.051  mhos.  is  .020  mlios  and  .021  mhos.  0'^,  the  equivalent  shot  noise  conductance 
r-  20/  20x,9  inu  ,018  mhos.  The  noise  factor  for  the  mismutclied  case  then  is' 


/•  1  +- 


(.020+  .0!8(.05I) 
MWl  (.021)' 


I  r  ,36  r  2.04  3.4  or  5.7  db; 


Tile  noriiiuliifed  conversion  gain  g  =  — • — 360  and  the  conversion  gain 

f/-Ar 


336,  or  25.3  db. 
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The  bandwidth  is  obtained  through  the  paraeieters  Qj ,  Q^,  C,  A,  Sj ,  and  flj .  Thus 
Qj  --  1.5,  Q2  =  '  *0078,  -  .0052  and  finally  the  bandwidth 

2A/j  =  2.0  me. 


h)  Matched  Case 

At  a  different  bias  point  (somewhat  below  the  peak  current)  the  tunnel  diode  con¬ 
ductance  G  =  .014  mhos  and  the  equivalent  shot  noise  conductance  G„  =  20;^  .014 


1-k 
kj  +  A 


-  .33  G_  i  .005 


mhos.  For  matched  condition,  i.e.,  for  =  1  and  A  -  .5,  G 

mhos,  and  theiefore  Gj  =  G^  r  G„  =  .019  mhos.  With  a  load  conductance  of  G^  =  .020  mhos 
presented  by  the  input  of  the  IF  amplifier  €2  =  G^+  G^=  .034  mhos.  The  noise  factor  of 


F  =  1  + 


014  (.020 +.01 4)  (.019) 


.005 


(.005)  (.034) 


2  =  1+2.8  +  7.6  =  11.4  or  10.6  db 


The  normalized  conversion  gain 


4A 


(1-\P 


8,  or  9  db  and  from  it  a  conversion  gain 


C  (j 

g  g-  A  =  1.24,  or  1  db  can  be  calculated.  The  bandwidth  is  again  obtained  with  the 

Gj  C2 

help  of  the  parameters  Qj ,  tjj ,  C,  A,  Sj ,  and  flj .  Thus  tS  4,  *83,  e  '•  2,76,  Sj "  .132, 

n  .032  and  finally  the  bandwidth  2A/j  13.2  me.  The  measured  bandwidth  of  6  me 

seems  to  be  limited  by  tlie  IF  amplifier,  which  at  bbst  had  a  6  me  bandwidth  by  itself. 

To  summarize  the  effects  of.  various  operating. conditions  on  the  overall  performance 
6f  the  converter,  it  is  possible  to  make  u.se  of  a  "figure  of  merit,"  Performance  character" 
istics  such  as  gain;,  bandwidth  and  noise  factor  should  be  included  in  this  figure  of  merit, 
which  consequently  would  be  defined  as 


M 


(IV-33) 


For  the  above  mentioned  cases  one  obtains. 

2A/ 


Matched  Case 
Misnacched  Case 


13.2  me 

2.1 


1.12 

18.30 


11.4 

3.4 


‘/u 

1.3 

11.3 


It  should  be  noted  that  the  bandwidth  2A/  is  a  measure  of  the  stability.  When  the 
bandwidth  becomes  zero,  the  converter  is  self-oscillatory. 
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E.  METHOD  OF  OPTIMIZATION  OF  NOISE  FACTOR 


The  expression  for  the  noise  factor  of  the  tunnel  diode  down  converter  can  be 
written  for  the  loss-less  case  as: 


Several  attempts  have  been  made  to  derive  from  this  expression  the  conditions  that  would 
yield  a  minimum  noise  factor.  A  rigorous  optimization  through  partial  differentiation  with 
respect  to  G^,  G^ ,  G^  and  is  much  too  complex  to  be  of  any  practical  help  to  the  cir¬ 
cuit  designer.  Instead,  a  series  of  numerical  calculations  has  been  made  in  the  Labora¬ 
tories’  650  computer  to  give  at  least  a  useful  approximation.  The  following  procedure 
was  used  to  program  this  problem 

^  f 

First  the  /  vs.  V  and  then  the  ^  vs.  V  characteristics  of  a  certain  tunnel  diode  with 

dl 

approximately  1  ma  peak  current  were  measured.  An  equation  was  fitted  to  the  latter  curve. 
In  the  range  of  interest  wliere  the  pump  voltage  is  small  this  curve  resembled  a  parabola 
and  tlic  equation 

G„  -  fVfl- .261-^  -  .0423  (IV-35) 

(where  Vj,|  is  the  applied  d.c.  bias  voltage)  gave  a  good  description.  This  expression  for 
(jg  together  with  the  following  values 

G,,  o  .020  mhos  (for  L  I  ma  -  const.) 

t  II  e 

{'i  -  .2  (from  /  vs.  V  curve) 

,  .020  (GV  +  .020;  LG,  I-  (V„ 

[•  1  4  -  - - ~ 

A  Cl  .04  /;Gl  ^3 

This  equation  was  then  given  to  the  computer  with  the  request  to  calculate  P  vs. 
for  Vy  tangirig  from  0.40  to  .060  volts,  with  various  values  of  C^  ranging  from  .0022  to 
.100  mlios,  various  values  of  k,  and  various  values  of  from  .080  to  .125  volts.  The 
numerical  results  obtained  from  the  computer  Were  plotted  as  shown  in  a  representative 
graph  of  Figure  IV-16. 

For  the  given  diode,  with  its  peak  current  occurring  at  55  mv,  the  important  range 
of  bias  voltage  is  around  that  value.  As  can  be  observed,  from  the  graphs  the  noise  factor 
is  decreasing  as  the  peak  bias  voltage  is  approached.  The  noise  factor  also  decreases 


-  .26;^-  .0423^ 


(IV-36) 


(G,j  G,1  fG, 


cjQv.P 


(IV-34) 


48 


with  increased  pump  voltage  .  It  can  be  further  noticed  that  the  choice  of  a  low  is 
more  favorable  in  obtaining  low  noise  factors.  Similarly,  should  be  made  low,  but  a 
compromise  has  to  be  reached  here,  in  order  to  keep  the  term  ^  of  the  noise  factor  enua- 

(jg  ^ 

tion  from  getting  too  large. 

Only  the  solidly  drawn  portions  of  these  curves  can  be  used  for  practical  purposes. 
The  dashed  lines  do  not  represent  realizable  conditions  because  additional  considerations 
and  requirements  such  as  circuit  stability  and  freedom  from  oscillations,  limit  the  validity 
of  these  calculations  to  a  range  of  operation  for  which  the  gain  parameter  A  <  1,  From  the 
equation 

A. 

one  finds  the  limiting  value  of  G^  (and  consequently  bias  voltage  V^j)  for  any  given  range 
Q  1  and  Cj  .  The  dot-dashed  line  denotes  this  limitation  of  A  1. 

As  a  further  extension  of  the  search  for  a  practical  optimization  of  the  noise  factor, 
that  is  to  say  an  optimization  which  not  only  looks  for  a  low  noise  factor  by  itself,  but 
also  considers  the  effects  on  the  gain  and  bandwidth  performance  of  tlie  system,  the 
curves  of  Fig.  IV-17  have  been  calculated.  The.se  curves  show  the  relation  between 
noise  factor  and  tlie  gain  x  bandwidth  product  for  various  operating  conditions.  Of  the 
vatiables  involved,  ,  G^  anti  arc  determined  by  the  diode  itself,  and  are  hefe  rspre- 
,,sented  by  the  bias  voltage  V,j ,  which  appears  as  one  of  the  parameters.  The  parameters 
(i^,  and  Gj^,  ns  well  as  the  local  oscillator  voltage  Vj  arc  given  as  it^dcpendeiu  circuit 
piiraineters.  Together,  these  device  and  cirruit;^\W.,rial.les  dqieniiine  ihe  gain,;  the  bandwidth 
^lid  tile  noise  factor  of  the  down  converter.  Thesi  final  cMioicc  of  operating  conditions  is,  of 

course,  settled  by  tlie  requirements  of  the  overall  sy.stem. 

F.  LARGE  PUMP  THEORY 

In  the  f/irst  paper  on  tunnel  diode  down  converters the  possibilities  of  low  noise 
factors  and  high  gain  were  noticed  and  analyzed.  Since  then  work  has  been  continued  to 
acliieve  furtlicr  improvements,  sucli  us  wider  bandwidth  and  more  stable  performance 
under  various  operating  conditions  such  as  may  be  encountered  in  UIIF  television  and 
microwave  communication.  The  results  of  many  of  these  tests  have  shown  that  low  noise 
factors  can  indeed  be  obtained  by  biasing  the  tunnel  diode  in  the  negative  slope  region. 
However,  this  operating  condition  may  lead  to  instabilities  because  of  mismatching  of  the 
impedance  at  tlie  input  termination. 
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More  recent  rneasurements  have  shown  that  low  noise  factors  anJ  stability  can  be 
achieved  through  the  application  of  relatively  large  pump  voltages.  To  explore  these 
possibilities,  the  previous  "small-pump”  analysis  of  the  tunnel  diode  down  converter  is 
now  being  extended  to  include  the  effects  of  large  pump  voltages.  As  will  be  shown  in 
the  following  derivation,  the  high  pump  voltage  causes  first  an  appreciable  increase  in 
the  effective  diode  conductance  which  helps  to  improve  the  input  stability,  and  second, 
due  to  an  accompanying  increase  in  the  nonlinearity  term  ,  it  causes  a  reduction  in 
noise  contribution  from  the  converter  circuit.  Also  shown  is  the  effect  of  partial  noise 
compensation  due  to  correlation'®  between  the  RF  and  IF  shot  noises.  The  necessary 
conditions  for  this  type  of  noise  reduction  are  fulfilled  by  a  tunnel  diode  which  is  biased 
in  region  No.  2  of  the  I-V  characteristic  given  in  Fig.  lV-18. 

Power  Series  Representation 

In  the  previous  analysis,  which  was  based  on  small-pump  theory,  the  tunnel  diode 
I-V  characteristic  at  the  operating  point  Pj  was  represented  by  a  quadratic  relation. 

/  .  u^v  -  0  W  V 


This  was  sufficient  for  fhe  small-pump  theory,  however,  for  large  pump  voltages  it  be¬ 
comes  necessary  to  use  a  polynomial  expansion  including  higher  order  flcrms.  Let  the 
current  of  the  tunnel  diode  be  given  by  t|^e  following  relation 

j; 

•  ■  '  '  (lV-37) 

li  '  - 

where  /j,and[  VJ,  are  the  current  and  the  voltage  at  the  bias  point.  The  conductance  at  tl>is 
point  is  the  derivative  of  the  I-V  characteristic. 

O'  - +  /I  { V  -  v„ ;+ V-  V„1^+  |-fv~  I  jr(v~  f  - 

(IV-38) 


On  application  of  a  sinusoidal  local  oscillator  voltage  with  the  angular  frequency  ni  the 
conversion  conductance  becomes  ‘ 

^  /  (a+ |8Vcos  <uf  +  ^  V^cos^(vt+^  V'''’cos^tut  + 

^  coS^  CU/+ ^  V^cos^aif  4  —  ]  cos  ntutcfftutl  (lV-39) 
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and  after  further  manipulation  and  collection  of  terms: 


G„  —  /  [('a  +  -  V^  +  —  +  +  — V^+  -^V^^cos  tu/+  ...]cosncL>td((iit) 

"  2n  o  4  64  S  192 


(lV-40) 


From  this  relation  it  can  be  seen  that  the  linear  term  of  the  previous  parabolic  representa¬ 
tion  Gq  now  has  a  new  value 


(lV-41) 


and  the  nonlinearity  term  Q  Vj  becomes 


(IV-42) 


The  I-V  characteristic  of  a.  tunnel  diode  (see  Fig.  IV~18)  may  be  considered  to  consist 
of  two  regions.  Region  No.  1  comprises  that  part  of  the  curve  that  turns  downward  from  the 
peak  current  1^,  while  in  region  Mo.  2  the  curve  turns  upward  from  the  valley  cuncnt 
The  curves  of  these  two  regions.can  be  represented  by  separate  power  series.  The  follow¬ 
ing  table  gives  a  summary  of  the  expansidn  coefficients  in  both  regions  fora  typical  tun¬ 
nel  diode  «  1  tna)  used  in  recent  experiments.  It  is  to  be  noted  that  the  signs  of  the 
coefficients  pertaining  to  the  nonlinearity  term  Qv  are  opposite  for  the  two  regions. 

i;  ' 

The  significance  of  the  difference  in  signs  will  be  considered  in  the  discussion  of 
the  noise  factor  expression. 


TABLE  lV,j3 

I 


REGION 

X, 

ma 

ma 

a 

/d 

S 

< 

No.  1  at 

50 

„96 

4.60*  10"5 

9.12*10'“’ 

-81.6*10*5’ 

2.98»I0*" 

-118*19**^ 

No*  2  at 

360 

.15 

1,30*10*5 

.060*10*6 

37.0*10"5’ 

1.00*10*9 

13.5*1T‘2 

How  well  a  power  series  with  the  above  coefficients  describes  the  I-V  character¬ 
istic  of  the  tunnel  diode  is  shown  in  Fig.  lV-19,  where  both  the  calculated  and  measured 
values  are  given.  Also  shown  are  the  reverse  and  forw.-rd  components  of  the  actually 
measurable  diode  current/,  and  the  equivalent  shot  noi.se  current  1^,  The  relation  of  these 
currents  has  been  established  as  follows. 
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iForward  current  1  n  ~  - : - - — :■  (IV'43) 

/  l-exp(-  t]v/kT) 

Reverse  A,  Current  fp  x  exp  (IV-44) 

Measurable  Diode  Current  /  =  \lp\  -  (lV-45) 

Equivalent  Shot  Noise  Current  =  |/p|  +  (IV-46) 


Noise  Factor  with  Correlation  Term 


The  derivation  of  the  extended  noise  factor  expression  for  the  converter  circuit  (see 
Fig.  IV-1)  follows  closely  the  analysis  presented  in  the  paper  of  Reference  No.  1,  except 
that  the  effect  of  the  correlation  term  is  no  longer  negligible. 


There  are  two  sources  of  noise  present  in  the  converter  circuit.  The  dirst  is  due  to 
the  thermal  noise  sources  in  the  individual  RF  and  IF  circuits 

f  :  .  I 


+,C2T) 


(IV‘47) 


These  currents  are  uhcorrelated  with  one  another.  The  second  type  of  noise  is  due  to  thi^ 
shot  e/lect  in  the  diode  itself  which  produces  correlated  RF  and  IF  currents.  The  reason 
for  this  can  be  shown  briefly  as  follows- 


The  shot  noise  current  of  the  diode  is  tlic.'sum  of  the  current  pulses  due  to  individual 
electrons  traversing  the  diode.  The  elementary  current  pulse  can  be  represented  by  a  delta 
function  that  is 


i(i)^  eXifAd-  ti,) 


(lV-48) 


where  e  is  the  electron  charge  and  is  the  time  at  which  the  event  occurs.  The  Fourier 
transform  pair  of  the  current  are 


i(t)  =  /  cos  tail  -  db) 


(IV-49) 


4-00 


K<o)^  f 
—  00 


i(t)e-’^‘dt 
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Thus  at  the  time  /=/^  a  continuous  frt-.y" spectrum  of  sinusoidal  waves  is  generated 
in  the  converter  circuit.  However,  b.  cause  of  the  c.i"uit  resonances,  only  current  waves 
of  a  passband  Am  centered  at  the  input  frequency  Mj  and  at  the  IF  frequency  co^  excite 
the  circuit.  The  current  waves  of  interest  are. 


.  „  I  w.+Aw 

fj  =  e  1  -  cos  d<o 

•2(0=^'^  -  cos  t.)  del 

^  "  ei2  * 


(IV-50) 


At  the  particular  instant  t=  the  nonlinearity  of  the  diode  gives  rise  to  a  second  IF  cur¬ 
rent  resul  .ng  from  the  interaction  of  the  input  circuit  voltage  and  the  local  oscillator 
voltage.  Since  all  of  these  noise  current  components  originate  from  the  same  delta  function 
at  the  same  instant,  the  primary  IF  noise  current  is  fully  correlated  with  the  second  IF 
noise  current  which  resu'ts  from  conversion  of  the  primary  RF  noise  current.  At  the  tirr.e 
r=  the  noise  currents  at  tlte  RF  and  IF  are 


.  I  tu.+Ao) 

coseid- l/^)  do) 


^  i  Ct^‘^  do 


(lV-51) 


For  the  thermal  noise  currents  the  shot  noise  currents 

write  the  following  equations  from^ the  converter  network 


and  solving  one  finds 


V, 


•ipj-  I  S.2S'--  QF;*  Vj 


(  ^if  +  <5*;s 
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(IV-53) 


IV2IIF/I 


I  ^2^  +  I ^2^^  p2  f  I  I  '5  IS  ^2s  ^‘is  ^ 


The  absolute  value  squared  is  ,2  n  ,, 

'  'htV3.<  „  ,2  ,  „ 


(,  ^ 


(IV-54) 
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which  averaged  over  the  time  distribution  becomes 

fUJ7^^+  l<S/sPi  +  (^1S^2S  ''  ^1S^2S^ 

I .  *1 _ ti _ ^ _ 


-  fiT 


(lV-55) 


In  these  equations  ,5  jj  and  «?.2j  are  the  original  shot  noise  currents  and  x  (Ajj  ' 

_ 

^25  )  is  the  cross-product  of  these  two  correlated  currents.  The  averages  of  the  mean 
square  currents  over  the  time  distribution  arc 


^2x1^=  2lM^df^  2elJI^..  iKTG^d! 
and  thus  one  can  write 


av. 


f'^is  ^2S  ^is  “^25  4KTGjA/ 


(IV-56) 


(IV-57) 


where  is  the  equivalent  noise  conductance.  The  noi.qe  correlation  term  can  be  either 
additive  or  subtractive,  depending  on  the  sign  of  the  factor  .  This  in  turn  depends  on 
the  shape  of  the  IV  characteristic  of  the  tunnel, diode  and  the  bias  Jpoint,  Thus  the  signifi¬ 
cance  of  large  pump  voltages  and  the  sign  of  the  coefficients  showh  in  Table  1  becomes 
apparent.  ■■  f  ^  '  s  .  , 

A  further  coijjiment  has  to  be  made  about  the  value  of"G^.  In  legion  No.'T  ,  where  the 
tunneling  noise  is  predominant,  G,  '  '  equivalent  dpdeljshot  noise  current 


and  equals  the  sum  of  the  averages  |/f.j+  |/jj| .  In  regioii  No.  2  b<iy|>nd  the  valley  pqjnt,  the 
thermal  noise  beccmies  important  and  G^  is  merely  equal  to  the  lindar  term  of  the  cc/nversion 
conductance.  '  'ii  . 

'  i;  fj 

Substituting  these  terms  into  the  expression  for  the  noise  factor 


and  using 


= 


4(i^vic^O^^ 


one  obtains- 


g^KlA/  4Q'2V/GG^ 


X  4KA/ 


(l'2vf  Qy/ 

(G„T  +  GjT+C^T)  ~j^+2^-^  GpT4.fGj^7  -^G2T+  G^ 

(lV-58) 


5  V 
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which  reduces  to. 


1  +  —  I 

T 
■>  L-fi 


^2 


<  G,  +  G,  t- 


G J  i  +  2 


'?)il 


(IV- 59) 


This  equation  is  similar  to  the  one  derived  for  the  *’.small-pump”  analysis  except  that 
now  the  noise  correlation  2^ij^^is  included,  and  the  values  G^  and  QVj  are  replaced  with 
the  newly  found  GJ'and  Q'V3.  As  further  refinement  one  can  also  calculate  a  new  dynamic 
G^'  that  will  represent  the  equivalent  shot  noise  conductance  of  the  tunnel  diode  under 
large  pump  voltage  conditions. 

Reduction  of  Noise  Factor 

To  minimize  the  noise  factor  one  can  consider  the  following  conditions'. 

1)  Obviously  the  shunt  admittances  Gj  and  C^,  that  is  the  losses  of  the  RF  and  IF 
circuit,  should  be  made  as  low  as  possible. 

2)  The  load  admittance  Gj  should  be  made  small. 

3)  The  term  —  should  be  made  as  small  as  possible.  This  can  bo  done  by  making 
G  small  and/or  G  large.  However,  there  are  certain  limitations,  G  cannot  be  made  too 
large  because  of  its  interaction  with  ttnother  term  in  the  equation  that  contains  5^  = 

'*■  in  the  numerator^  • 

4)  Rearranging  the  noise  factor  equation  (in  the  manner  used  in  Fig,  IV-S  where  a 
lossless  converter  with  higli  gain  i.<!  assumed)  leads  to  a  simplified  form 

U  K„ 


/•  -  ;  +  aK^  +  fK^+  aK^) 


'<L^  Xo 


wher 


K,  K 


K 


.=  i 


Certainly  this  noise  factor  expres.sion  can  be  made  small  if  a 


can  be  made  small. 


.Several  attempts  have  been  made  to  produce  special  diodes  to  meet  this  requirement.  But 
this  proved  to  be  a  difficult  task  for  the  "device”  man.  However,  the  value  of  G„  can  be 
increased  without  increasing  C,  at  the  same  time  through  the  use  of  large  pump  voltages, 
when  becomes  Gj  .  This  situation  exists  for  example  when  the  tunnel  diode  is  biased 
ill  region  No.  1  at  point  Pj  and  pumped  with  large  voltages. 

5)  Another  possibility  can  be  found  in  the  term  of  -  (G^+  GJ^ ,  This  term  should  be 

I  5  O 

made  as  low  as  possible.  This  could  be  accomplished  by  making  negative  and  letting 
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it  approach  ;  then  Gf  =  approach  zero.  This  condition  can  be  fulfilled  by 

biasing  tlie  tunnel  diode  in  the  negative  slope  region.  But  this  leads  to  instability  be¬ 
cause  it  seriously  effects  the  input  termination  of  the  converter,  which  then  becomes  mis¬ 
matched  to  the  antenna. 


6)  Finally,  considering  the  factor  jo  |  which  contains  the  newly  discussed 

correlation  term,  one  finds  still  another  possibility  of  obtaining  a  low  noise  factor.  This 


can  be  done  when  the  nonlineari^  term  Q'  is  made  negative,  and  the  pump  voltage  is 
sufficiently  large  so  that  +  2  ~g^-j  approaches  zero.  As  has  been  shown  in  Table  IV-3 
this  situation  exists  when  the  tunnel  diode  is  biased  in  region  No.  2,  as  for  instance  at 


point  and  pumped  with  large  voltages. 


There  is  still  another  important  feature  resulting  from  the  large  pump  voltage  opera¬ 
tion.  When  Q'V^  veeomes  larger  than  the  last  term  of  the  noise  factor  becoihes  less 
sensitive  to  the  change  of  the  input  impedance.  Therefore,  low  noise  factor  sindstable 
operation  are  possible  with  either  a  matched  or  a  mismatcljed  input  condition,  'this  is  in¬ 
deed  a  very  desirable  feature  for  practical  applications.  In  the  experimental  test  set  up 
the  input  to  the  converter  could  be  opened  or  shortened  without  causing  the  circuit  to 
break  into  oscillation. 


System  Noise  Poctor 

The  above  theory  gives  the  rtolsc  factor  of  the  converter  stage  by  itself,  but  neglects 
the  effect  of  the  noise  factor  of  the  IF’  amplifier  on  the  total  or  system  noise  factor  of  a 
receiver.  If  one  considers  the  rioise  factor  of  a  diode  converter  plus  the  IF  amplifier  one 
finds  the  well  known  equation 

I  .  V  .  (IV-<50) 

ii 

where  is  the  p|wer  cunversiun  ratio  of  the  Converter  stage.  '  . 

In  ordinaryfcrystalV  diode  mixers  this  ratio  is  less  than  unity,  and  is  called 
the  conversion  Idss  of  the  mixer.  Figure  .(V-20  is  a  graphical  illustration  of  the  I-V  charac¬ 
teristic  of  a  crystal  diode  similar  to  tlie  lN2i.  Since  the  slope  of  this  curve  is  always  posi¬ 
tive  it  is  apparent,  chat  such  a  diode  can  never  have  g'iiri.  Typical  values  for  conversion 
losses  are  in  the  order  of  4  to  8  db. 

In  the  tunnel  diode,  however,  g  can  be  made  larger  than  unity  as  long  as  the  condi- 

Q  Va  t  t  .  .  .  .  ■  . 

>  I  is  sacisfiec!.  The  significance  of  (his  was  discussed  in  more  detail  in  reference 

No.  1.  Since  in  region  No.  2  of  the  1-V  characteristic  is  relatively  small,  large  pump 
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voltage  is  required  to  drive  the  current  from  the  bias  point  sufficiently  deep  into  the 
region  of  negative  I  V  slope.  Because  the  tunnel  diode  exhibits  this  negative  I-V  slope, 
it  can  produce  conversion  gain.  Consequently,  the  tunnel  diode  is  capable  of  further  re¬ 
ducing  the  total  system  noise  factor. 

To  demonstrate  this  effect  consider  that  both  the  tunnel  diode  and  the  "crystal” 

diode  yield  the  same  noise  factor  for  the  converter  part  of  the  two  rejceiver  systems 

under  comparison.  Let  this  noise  factor  be  3.2  db  (power  ratio  2.09)  as  will  be 

shown  later.  Also  let  the  noise  factor  of  the  following  broad’ band  IF  amplifier  F.p  be 

1 

3.0  db  (p.r.  =  2.0),  Then  with  a  typical  conversion  loss  of  the  crystal  as  ~  =  -6  db 
(p.r.  =.  .25)  and  the  conversion  gain  of  the  tunnel  diode  ^  =  5.0  db  (p.r,  =  3.16),  and  the 
total  system  noise  factor  for  the  "Crystal”  System 

-  2.09  -  6.09  or  7.85  db  and  for  the  Tunnel  Diode  System 

Pto»1  =  2.09  -  2.40  or  3.82  db. 

This  represents  an  improvement  of  4  db,  and  shows  that  even  with  a  modest  gain  the  tunnel 
diode  cenverter  is  effective  in  reducing  the  system  noise  factor. 

Rttulfs 

A  few  simple  calculations  will  illustrate  the  reduction  dlf  the  noise  factor  according 
to  the  scheme  outlined  in  IV'4  above.  For  the  specific  diode  under  consideration  the  power 
series  coefficients  at  the  bias  point  ^  (v^  >■>  50  mv,  ^  ,95  nia)  are  given  in  the  previous 
Table.  They  allow  the  calculation  of  the  terms  C^’  and  for  various  values  of  pump 
voltage  V^,  Figure  IV-'21  shows  the  results  of  this  calculation  for  pump  Voltages  up  to 

2^0  mv.  IVith  these  terms  established  one  chh  then  calculate  the  noise  factor  F  and  the 

conversion  ratio  ^  for  various  parameters  of  <7^  and  6'^.  Figure  IV  22  shows  the  results  of 
such  calculations.  In  these  curves  ranges  from  20  to  180  millirnhos,  is  chosen  at  a 
typical  value  of  3  millirnhos,  and  (7;  and  are  assumed  to  be  negligible.  is  determined 
by  the  shot  noise  current  at  the  bias  point  and  is  G^  ^  20x1^  =  20x1,3x10"*  ..  26  millirnhos 
Two  values  of  pump  voltage,  V,  a  200  mv  and  225  tnv,  have  been  plotted. 

Since  a  low  noise  converter  can  be  used  to  full  advantage,  onjy  if  it  does  not  intro¬ 
duce  a  conversion  loss  by  itself,  values  for  the  total  noise  factor  of  a  system  have  also 
been  calculated,  in  this  calciilation  a  noise  factor  of  3  db  has  been  assumed  for  a  broad¬ 
band  IF  amplifier  following  the  converter  stage.  A  reasonable  compromise  solution  for  low 
noise  factor  and  stable  gain  seems  to  be  reached  at  a  pump  voltage  of  225  mv  and  a  of 
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120  mUlimhos.  This  yields  a  calculated  converter  noise  factor  of  3.2  db,  and  a  total  sys¬ 
tem  noise  factor  of  3.9  db. 

These  calculated  results  are  in  good  agreement  with  experimental  results.  The  tunnel 
diode  down  converter  used  for  the  test  set-up  was  a  lumped  parameter  circuit  operating  at 
a  signal  frequency  of  440  me,  a  pump  of  470  me  and  an  IF  of  30  rnc.  One  of  the  features  of 
this  circuit  was  a  double-tuned  input  transformer  wiiich  allowed  the  R.F.  impedance  of  the 
signal  as  seen  by  the  diode  (G^)  to  be  changed  and  optimized  as  predicted  by  the  theoretical 
curves  of  Figure  6.  A  total  system,  single  sideband  noise  factor  of  5.3  db  was  measured 
with  a  pump  voltage  of  200  mv. 

Another  important  feature  of  tliis  circuit  was  the  use  of  a  self  bias  scheme  for  the 
tunnel  diode.  No  external  D.C.  bias  source  was  supplied,  and  the  diode  established  its 
own  bias  voltage  through  the  rectification  of  the  pump  voltage.  The  measured  bias  voltage 
across  the  diode  was  about  50  niv  when  operated  at  tlie  above  mentioned  conditions. 

A  similar  calculation  can  also  be  performed  to  explore  the  possibilities  of  noise 
reduction  diie  to  IV-6.  For  this  case  the  diode  is  biased  in  region  2  at  ^  flo  “  360  mv, 

1^  =  .15  ma),  and  the  corresponding  power  series  coefficients  can  again  be  found  in  Table  1. 
.Vfter  calculating  a  new  series  of  terms  for  and  for  variops  pump  voltages,  one  can 
then  determine  the  noise  factor  and  gain  as  a  function  of  and  .  Figure  IV-23  shows 
the  resullis  of  these  calculations.  It  should  be  noted  that  the  minimunr  converter  noise  factor 

occurs  at  tlie  point  where  the  correlation  term  2  li-lJ.  reacK'es  the  value  of  -1.  This  is  pos- 

'  i  Cl 

sible  because  of  the  negative  sign  flit  (4' together  witji  a  Vj  large  enough  for  their  product  ‘ 
to  cancel  out  the  effective  diode  noise  contribution  ini; tlie  last  part  of  tlic  noise  factor 
equation, 

//  I 

The  liiinimuin  total  system  noise  factor  in  this/Casb  occurs  at  a  punip  voltage  of  225 
my  and  a  of  about  32  millinilios.  The  converter  noise  factor  is  4.2  db,  the  conversion 
gain  about  unity  and  the  total  noise  factor  5.5,5  db.  As  might  be  expected  the  conversion 
gain  is  rather  low  at  this  bias  point  because  the  1-V  characteristic  near  the  valley  point  is 
considerably  flat. 

Experimental  results  which  were  instrumental  in  establishing  and  proving  the  "large- 
pump”  voltage  theory,  were  obtained  with  the  same  tunnel  diode  converter  described  above. 
A  single  sideband  noise  factor  of  5  db  was  measured  for  the  total  system  consisting  of  in’ 
put  filter,  converter  and  IF  amplifier.  The  diode  bias  voltage  was  36O  mv  and  the  pump 
voltage  as  measured  across  the  diode  was  250  mv. 
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G.  MILLIMETER  WAVE  TUNNEL  DIODE  DOWN  CONVERTER 

Results  on  UIIF  tunnel-diode  down  converters  have  proven  so  successful  that  they 
have  encouraged  an  attempt  to  develops  millimeter  wave  tunnel-diode  down  converter. 

The  noise  factor  of  present  millimeter  wave  detectors  is  poor.  It  is  expected  that  the 
noise  factor  will  be  improved  considerably  througli  use  of  a  tunnel  diode  down  converter. 

line  of  attack  has  been  agreed  upon  and  the  necessary  equipment  has  been  ordered 
or  borrowed.  Some  equipment  is  being  made  for  this  project  by  the  various  Laboratory 
organizations. 

Tlie  diode  is  to  be  electrically  formed  in  a  tapered  section  of  RG-98/u  waveguide. 
The  waveguide  section  and  mounts  for  placing  the  semiconductor  and  point  in  the  wave¬ 
guide  are  being  made. 

The  diode  for  this  experiment  is  to  be  of  gallium-antimonide  with  a  zinc  point.  The 
process  of  forming  the  diode  has  been  tried  with  preliminary  results  of  current  ratios  of 
the  order  of  2  to  I.  An  improved  sample  of  Gallium  Antimonide  »55  has  recently  been  used 
and  hais  given  betfer  results,  f^iode  fabrication  is  in  progress. 
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V  SOUD  STATE  MICROWAVE  DEVICES 


A.  NEGATIVE-RESISTANCE  TRANSMISSION  LINE-AMPLIFIER 


IntroducHon 


Present  negative-resistance  devices,  such  as  parametric  diodes^'  and  tunnel 
diodes,  because  of  their  one  port  property,  are  narrow-banded  and  require  auxiliary  iso 
lators  for  low-noise  applications.  To  convert  them  from  one-port  to  two-port  operation, 
traveling-wave  circuitry®  has  been  suggested.  Previous  circuit  analyses,  however,  have 
been  limited  to  the  lossless  case  and  the  circuit  has  been  assumed  free  from  any  dis¬ 
tributed  Johnson  noise  or  shot-effect  noise,  and  also  any  input  or  output  reflection. 


The  purpose  of  the  present  work  is  to  treat  a  transmission  line  with  distributed 
negative-res istahces  in  a  more  general  way.  First,  the  line  is  considered  to  be  lossy, 
with  both  series  resistances  and  shunt  conductance!^-  Secondly,  distributed  noise  volt¬ 
ages  and  currents  are  introduced.  These  noise  voltages  and  currents  may  be  due,  not 
only  to  thermal  noise  in  the  lossy  elements,  but  also  to  shot  noise  in  the  active  elements. 
Gain  and  noise  factor  arc  then  derived  as  a  function  of  the  input  and  output  conditions. 


Transmission  Lino 

The  transmission  line  under  investigation  is  shown  in  Fig,  V-1.  The  line  has  the 
following  distributed  parameters 

V.  ■ 

R  -t- net  series  resistance  per  unit  length 
1.  -  series  inductance  per  unit  length 
G  “  net  shunt  conductance  per  unit  length 
C  i'l  Shunt  capacitance  per  unit  length 

noise  voltage  squared  pet  unit  lengtii 
noise  current  squared  per  unit  length 


These  parameters  are  eithei  smoothly  distributed  or  are  made  of  lumped  constants  so 
closely  spaced  (preferably  less  than  1/8  wavelength)  that  a. smoothline  approach  is  still 
valid.  In  addition,  both  R  and  G  are  generalized  to  include  negative  values.  It  is  when 
R  and/or  G  are  negative  that  the  line  behaves  as  the  active  device,  which  is  of  main 
interest  here. 
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Bosic  E’^uations 


The  usual  transmission  line  equations  in  voltage  V  and  current  I  ate: 


dV 

--  ^ —  =  (R  +  j(t)  L)  I 
o  z 

(v-1) 

=  fG  +  /iuC)V 
uz 

(V-2) 

However,  because  the  problem  of  essential  interest  involves  imcorrelated  noise  sources, 
the  square  of  the  voltage  |  Vl-^  and  the  power  P,  instead  of  the  voltage  (V)  and  the  current 
(1),  are  chosen  as  the  working  electrical  parameters.  Let 

Vi*  +  v;  =  2P, 

(V-3) 

vr-v*i=2jP^ 

(V-4) 

where  fj.  is  the  real  power  and  P^  is  the  reactive  power. 

Ignoring  the  distributed  noise,  a  set  of  fpur  working  equations  is  derived  from  V'  i 
and  V-2: 

■  -  -^\vf  -  2KP,  ■*-2(oLP^ 

(V-5) 

(V-6) 

-■^Pr  =  GlVl^ 

,  ,  '  ■  '  !!  ' 

(V-7) 

II  ■  -  .  , 

-■^P«  I'l^ ivp 

(V-8) 

These  equations  are  quite  similar  to  the  noise  equations  which  were  treated  in  the  elec¬ 
tron  stream  of  traveling  wave  tubes. ^ 

Equations  (V-5),  (V-6),  (V-7),  and  (V-8)  can  be  transformed  into  the  following  common 
equation- 

fivf,  |/|^  r,  or  P^J^O  (V-9) 

Equation  (V-9)  is  the  differential  equation  of  |Vp,  P  or  P^  for  an  ordinary  transmis¬ 
sion  line  in  the  absence  of  distributed  noise.  If  the  line,  which  is  of  length  D,  with  a 


6 


dz^ 


7  o 

+  4(cu^i,  C-R  GJ  5-  -  4(o>L  G+a)C  Rr 


? 
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characteristic  impedance  ZJ=-Rg+  jX^)  is  terminated  by  an  impedance  Zp('=Rp+ 

and  is  driven  by  a  signal  voltage  source  \Ef  with  a  generator  impedance  Z^,  the  solution 


of  Eq.  (V-9) 

can  be  readily  determined^,  it  is 

(V-IO) 

i  N] 

(V-11) 

p,  = - — - +  jVj  +  Z*  (a  -  jhj] 

'  2R  (a  +bj  0  *  '  *  °  '  * 

O  O  C' 

(V-12) 

(V-13) 

where 

|fi|^ 

(V-14) 

|N|^ 

: 

(V-15) 

(V-1,6) 

(V-17) 

^ jMNlcoslGj  +6^~  Dla^l'i 

(V-18) 

oj  =  «V^’ [fxy- ;;+\/fi  +  x^;f/+ 

(V'19) 

=.  mv/zLc  [fxy- o-7f2+ x^ir  j  f 

(V-20) 

X  =-«- 
<uL 

(V-21) 
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coC 

(V-22) 

L  X+/ 

c  y+  / 

(V-23) 

{V-25) 

z +z„ 

(V-25) 

In  Eq.  (V-19),  flj  has  a  positive  sign  if  the  line  is  passive  (i.e.,  if  both  R  and  G  are 
positive}!  For  an  active  line,  (i.e.,  the  case  where  R  and/or  G  is  negative),  it  is  noted 
from  Eq.  (V-20),  that  is  always  a  pure  imaginary  number.  Thus  Oj  is  either  an  ampli' 
fication  constant  or  an  attenuation  constant,  while  is  a  phase  constant. 


M  and  N  ate  coefficients  of  reflection  respectively  for  thfe  input  and  for  the  output 
end  respectively.  Because  the  denominators  of  Eqs.  (V-10),  (V-ll),  {V-12),  and  (V-13) 
contain  these  two  reflection  coefficients,  they  can  be  expanded , into  a  power  stories  in 
|A(W|  when  <  I  ot.in  when  I.  The  successive  terms  of  these 

series  are  the  contributions  due  to  multiple  reflections  buck  and,  forth  from  the  ends  of  the 
line, 

'I!  ■  ii .  ■ 

Trdinsmission  Lino  with  Distributed  Noise  Generators 

Now  assume  that  u  noise  mean  square  voltage  |  V^j^and  a  hoise  mean  square  current 
|?„|*^  are  distributed  along  the  line.  Equations  (V-5),  (V’6),  (V-7),  and  (V-8)  can  be  tlien 
written,  for  noise  alone,  as‘ 

d 

-  2«?,  i  2(oCr.,  -  \vj^  (V-26) 


V  Aj  A  A 

-  l/r‘-20'R  -  2ioCP^ 
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where  the  crowns  designate  the  noise  casp.  The  noise  sources  ar  I  can  be,  for 
instance,  the  Johnson  noise  due  to  dte  losses  of  the  line,  and  whatever  noise  the  nega¬ 
tive-resistance  devices  contribute.  |t)^p  and  are  assumed  not  to  be  functions  of  the 
line  distance  z.  Equations  (V-26),  (V-27),  (V-28),  and  (V-29)  have  almost  the  same  form 
as  Eqs.  (V-5),  (V-6),  (V-7),  and  (V-8)  except  for  the  presence  of  the  noise  generator  terms. 
By  making  the  following  substitutions' 


IVl^-  |V|' 


(V-30) 


ITP-  1/  1^ 


(V-31) 


P. 
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one  arrives  at  the  same  differential  equation  a?  (V-V)  ior  |Vf ,  j/p,  /J  or 

solutions  similar  to  EqA-  (V-IO),  (V-11),  (V-12),  and  (V-13)  iji'ill  be  obtained  in  the  noise 

case  provided  and  N  are  re.'spectively  replaced  by  and  N  where 


(V-36J  i 


INI  e'^2 


z  +z 


D 


(V«37) 


(V-38) 


(V-37) 


Here  and  denote,  respectively,  the  real  noise  power  and  the  reactive  noise  power 
at  the  termination.  Equations  (V-36),  (V-37),  (V-38),  and  (V-39),  have  an  important  physical 
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meaning;  namely,  as  far  as  the  electrical  performance  i"'  •■"rnf'd,  a  line  with  distributed 

noise  generators  and  a  passive  terminating  impedance  Zp  is  equivalei, '  to  the  same  line 
without  such  noise  generators  but  with  a  fictitious  termination  Z^,  which  I  •  a  function  of 
the  driving  powers  Pp  and  ho- 

Gain  and  Noise  Factor 

The  real  signal  and  noise  powers,  and  ,  which  have  been  derived  as  Eq,  (V-12), 
are  now  used  for  the  computation  of  the  gain  and  noise  factor. 


Using  Eq.  (V-12),  the  power  gain  ,  which  is  defined  as  the  ratio  of  the  output 
pu.rv.:  to  the  available  input  power  ,  is 


where 


l£!l 


(V-40) 


3p  =.  (a^)\ z^D 


(V-41) 


The  equation  for  the  output  noise  power  J^^p  is  ‘ 
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(V-42) 


A  ^  £i 

Here  <ijj,  b^,  flpand  Tp  are  derived  from  Eqs.  (V'17),  (V-18),  and  (V-41)  by  substituting 
|Nl  for  N.  Since  |N|  is  a  function  of  P^p  ,  Eq.  (V-42)  is  a  polynominal  equation  in  Pp  . 
The  solution  is  rather  involved.  Only  a  few  special  cases  are  illustrated  in  the  examples 
to  be  shown. 


Using  the  solution  o  ^PrO  from  Eq.  (V-42),  the  noise  factor  F  is 


(V-43) 
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r.xuliiplei: 


To  show  the  noise  performance  of  an  active  transmission  line  distributed  with  noise 
generators,  three  simple  cases  are  illustrated  in  Table  V-1.  They  are  a  matched  line,  a 
mismatched  input  line  and  a  mismatched  output  line.  The  lines  are  distortionless  (i.e.., 

A'  =  y).  An  isolated  load  is  assumed  for  the  termination  in  all  three  cases. 


TABLE  V-1 
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The  case  of  a  non-isolated  bilateral  transmission  line  with  both  misipatched  input 
and  output  is  rather  complex.  The  output  noise  would  be  the  sum  of  the  noijses  resulting 
from  multiple  reflections  at  die  input  and  output  plus  the  distributed  noise.  Consider  the 
special  case  where  the  load  is  matched  to  the  line  (i.e.,  N  ^  o).  Tlien  the  input  noise  power 
originating  from  the  non-isolated  load  which  generates  a  noise  power  is 


A  «  ^  mDa  .  ''  M 


(V-50) 
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(V-51) 


The  new  input  noise  power  now  becomes 


P' 


A 

P/ 


I  >' 


Therefore,  the  actual  values  of  the  noise  factor  are  the  same  a>s  those  obtained  by  Eq. 
(V-43)  provided  is  replaced  by  P' . 

Equations  (V-47)  and  (V-49)  are  plotted  in  Fig.  V-2  for  the  case  A1  ^  o.  Equation 
(V*48)  is  plotted  for  two  cases,  N  ^  0,  M  -  .2,  (Fig.  V-3)  and  N  o,  M  .5  (Fig.  V-4).  As 
expected,  the  curves  all  indicate  that  the  noise  factor  tends  to  increase  at  high  gains, 
and  at  high  reflection  coefficients.  The  magnitude  of  used  in  these  curves  can  be 

easily  computed  from  Eqs.  (V-34)  and  (V-35).  For  a  distortionless  transmission  line,  that 
is  X  =  y 


A 

P, 

r 

t  " 
*0 

\G\-G,  _ 

where  R^,  '  line  positive  resistance,  conductance  per  unit  length 

R^,  Gg  introduced  negative  resistance,  conductance  per  unit  length 
R,,,  G„  I--  equivalent  noLso  resistancii;,  conductance  per  unit  length. 


(V-52) 


Equation  (V-52)  reveals  that  low  negative  resistances  and  con4uctances  per  unit  jength 
would  result  in  relatively  high  noi^/:  powers  on  th|f  line  and  thus  high  noise  factors  ac¬ 
cording  to  Figs.  V-3  nod  V-4.  In  cases  where  the  distributed  negative  resistance  just 
overcomes  the  distributed  positive  resistance,  tlic  noise  factor  becomes  extremely  large. 

In  addition,  since  the  gain  per  unit  length  is  small,  because  of  the  small  net  negative  re¬ 
sistance,  a  large  total  gain  is  po.ssiblc  only  when  th^  line  is,  long. 

Distrlbutltd  Tunnel  Diode  Amplifier  f  ' 

To  test  theiivalidity  of  the  above  theory,  an  experimental  amplifier,  was  built.  A 
picture  of  this  amplifier  is  shown  in  the  attached  photograph  (Fig. ‘V-5).  The  amplifier, 
similai;  to  a  low  pass  filter  of  the  coaxial  line  type  was  built.  Fifteen  tunnel  diodes  are 
''.distributed”  in  a  series  circuit  along  the  "inner”  conductor  of  the  coaxial  lit,\e.  Alter¬ 
nately  arranged  between  the  diodes  are  small  disc  shaped  capacitors,  which  are  held  in 
place  by  polystyrene  spacers.  The  d.c.  bias  for  the  diodes  is  provided  by  a  single  external 
source  in  such  a  manner  that  all  of  the  diodes  are  connected  in  series.  While  this  circuit 
greatly  simplified  the  bias  problem  it  necessitated  the  selection  of  matched  diodes.  In 
this  experirnent  it  was  advantageous  to  choose  diodes  with  a  peak  current  of  25  ma  at 
approximately  75  mv.  Transmission  line  .measuiernents  of  the  passive  line,  that  is,  before 
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any  diode  was  inserted,  showed  that  its  cut-off  frequency  was  1500  me,  and  that  the  pas¬ 
sive  insertion  loss  was  3  db. 

Two  basic  experiments  were  conducted  with  this  device.  The  first  one  was  de¬ 
signed  to  demonstrate  its  feasibility  as  a  microwave  amplifier.  At  900  me  a  gain  of  3  to 
d  db  was  measured.  It  was  observed  that  the  bandwidth  was  very  broad,  but  final  results 
have  to  await  further  measurements. 

The  second  experiment  consisted  of  exploring  the  performance  of  the  device  as  a 
microwave  traveling-wave  down-converter.  In  the  manner  of  a  superheterodyne  converter, 
the  following  frequencies  were  supplied;  signal  frequency  =  900  me,  local  oscillator 
frequency  =  930  me,  which  yield  a  difference  frequency  of  30  me.  A  conversion  power 
gain  of  15  db  was  obtained. 

No  results  are  as  yet  available  for  the  noise  factor,  because  attempts  to  optimize 
the  circuit  conditions  were  thwarted  by  spurious  oscillations.  This  instability  is  due  to 
the  inadequacy  of  the  bias  supply,  and  further  efforts  are  needed  to  overcome  these  dif¬ 
ficulties. 

B.  TWO-PORT  MICROWAVE  DEVICES 

Two-terminal  negative-resistance  devices,  speh  as  masers,  parametric  amplifiers 
and  tunnel-diode  amplifiers,  require  a  circulator  or  other  nonrCciprocal  device  to  minimize, 
the  noise  and  to  stabilize  the  [Httfortnancc.  There  are  many  nohreclprocnl  devices  in  the 
pri.pt  art,  for  instance,  vacuum  tubes,  transistors,  ferrite  gyratots,  etc.  However,  must  of 
these  j^ieein  to  be  useful  only  at  low  frequencies,  l-errite  g)irators  are  capable  of  micro- 
wave  application,  but  they  arc  p.issivc  and  .lossy.  In  the  s^imiconductor  field,  a  nonrecip¬ 
rocal  device  based  on  the  Hall-effect  is  well  known. 

The  nonreciprocal  Hall-effect  in  solids  has  been  known  for  several  decades,  in  the 
^ast,  Very  few  Hall  devices  have  been  practical.  Most  of  them  liave  been  limited  to  appli¬ 
cation  at  very  low  frequencies,  i.e.,  a  few  hundred  cycles. 

A  recent  study  shows  that  the  limitation  of  present  Mail  devices  is  not  basic  but 
rather  in  the  embodiments,  and  materials  involved.  Hall-effect,  being  itself  a  majority- 
carrier  phenomenon,  should  have  response  to  very  high  frequencies.  The  practical  problem 
is,  however,  the  need  for  a  semiconductor  with  a  high  carrier  mobility  together  with  a 
special  circuit  geometry  to  improve  the  overall  efficiency.  At  the  present  lime,  an  investi¬ 
gation  is  being  carried  out  to  develop  such  a  practical  device. 
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The  concept  for  such  a  novel  device  may  be  seen  in  a  simultaneous  measurement 
of  magneto  resistance  and  Hall-effect  of  a  semiconductor  sample.  In  tlie  past,  magneto¬ 
resistance  and  Hall-effect  were  always  measured  separately  and  found  to  be  insensitive 
to  the  magnetic  field  and  to  have  low  impedance  levels.  However,  a  novel  effect  is  sug¬ 
gested  that  produces  a  much  enhanced  sensitivity  and  impedance.  Theoretical  predictions 
are  substantiated  by  experimental  results. 

The  new  method  utilizes  a. unique  interaction  between  Hail-effect  and  magneto¬ 
resistance.  The  scheme  consists  of  supplying  a  longitudinal  electric  field  and  a  trans¬ 
verse  current,  both  from  a  common  source,  to  a  semiconductor  wafer  so  that  in  an  ortho¬ 
gonal  magnetic  field  the  Hall  field  opposes  the  applied  longitudinal  field.  Thus,  if  the 
Hall  field  and  the  applied  field  are  varied  togethei',  the  current  in  the  longitudinal  direc¬ 
tion  changes  little  and  the  impedance  is,  in  effect,  high.  However,  a  change  in  magnetic 
field  upsets  the  balance  so  that  the  longitudinal  current  becomes  extremely  sensitive  to 
the  magnetic  field,  It  is  conceivable  that  the  effect  would  lead  to  important  high-frequency 
applications. 

Meanwhile,  the  nohfeciprocal  feature  of  such  a  Hall-effect  device  may  be  comple¬ 
mented  by  a  turinel  diode  to  obtain  sufficient  gain.  This  combined  high  frequency  unit 
will  then  haVo  all  of  the  desirable  characteristics  of  an  active,  high  gain,  nonreciprocal 
device. 

Two  appfpaches  q.re  possible;  the  first  approach  is  to  use  an  r.f.  magnetic  field 
normal  to  the  wper  fapd  and  to  amplify  the  Hall  vpltagc  thereby  produced.  No  d.c.  mag- 
potic  field  is  required/ in  this  cast;,.  T|ie  energy  sujiply  is  in  a  direction  orthogonal  to  the 
magneeic/f  icld  and  the  Hall  field.  The  device  consist^  of  a  semiconductor  wafer  and  a 
'built-in/parametric„dr  tunnel  didoe.  It  can  be  an  amplifier,  an  oscillator,  or  a  frequency 
converter.  / 

The  second  appro.ach  is  a  combination  of  a  Hall  isolator  and  a  tunnel  diode.  The 
idea  hinges  upon  the  fact  that  a  Hall-effect  semiconductor  wafer  immersed  in  a  transverse 
uniform  magnetic  field  may  become  a  unidirectional  2’port  device  if  properly  combined 
with  an  external  passive  network,  fora  proper  value  of  the  externally  applied  field.  Such 
a  device,  which  Is  referred  to  as  a  Hall-effect  isolator,,  is  combined  with  a  tunnel  diode 
to  form  a  2-port  active  network.  The  network  is  characterized  by  unidirectional  transmis¬ 
sion  with  simultaneous  amplification.  Due  to  the  inherent  property  of  the  Hall-effect  iso¬ 
lator,  unidirectional  amplification  can  function  stably  in  spite  of  drastic  changes  chat 
may  occur  in  the  impedance  on  the  output  side  of  the  isolator. 
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Hali-Effect  Mogneto- Resistance  Devices 

In  an  attempt  to  produce  a  nonreciprocal  solid-state  device,  a  Hall-Effect  magneto 
resistance  amplifier  is  being  explored.  Magneto-resistance  and  Hall-Effect  arrise  from 
crossed  electric  and  magnetic  fields.  Consider  a  wafer  sample  of  a  rectangular  shape. 
Two  sets  of  electrostatic  potentials  are  applied  orthogonally  to  the  sample  in  the  x-y 
plane  (Fig.  V-6).  Under  the  influence  of  a  d.c.  magnetic  field  in  the  Z  direction,  the 
transport  equations  at  steady-state  conditions  in  a  rectangular  coordinate  system  are 
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A  general  anistropic  case  has  been  considered  here,  the  relaxation 

times  of  the  sample  respectively  in  the  x  and  y  direction.  and  are  the  eoffcspond- 

ing  resistances  of  the  sample  in  the  two  directions.  and  are  the  external,  resistances 

It  is  noted  that  the  presence  of  the  external  resistance  reduces  the  sample  relaxation  times 
and  into  the  effective  values  and  for  a  given  external  battery  source.  By  solv- 
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ing  Eqs.  (V-53)  and  (V'I>4)  and  making  use  of  the  relation  I  ^  N  ex'l  t  i  ^  n  ev  -t  4 

X  y  z*  y 

the  solutions  for  the  currents  are 
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where  0^^  =  =  to^r^ .  g  and  g  are  the  conductances  in  the  a  and  y  directions. 

Equations  (V'6l)  and  (V-62)  can  be  written  alternatively  in  terms  of  applied  potentials 


as 
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(t's  are  the  mobilities  and  is  the  potential  ivhich  is  fesponsible  for  producing  a  mag 
netic  field  in  the  ar-direction.  b  is  the  linear  "electromagnetic”  coefficient  which  governs 
the  relationship  between  the  electric  potential  and  the  magnetic  flux’ 


Assume  now  that  and  ate  derived  from  a  common  souicf;  (as  shown  by  Fig. 
V-6)  so  they  satisfy  the  relation 
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Thus,  one  obtains 
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The  power  gain  can  be  defined  as 

^  Maxinium  power  output 
f  Available  power  input 
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The  physical  Interpretation  of  Eqs*  (V-71)  to  (V-76)  has  to  be  clarified  before  any 
power  gain  or  loss  is  estimated.  P^  ,  P^y  ,  and  P^  are  the  d.c.  ohmic  powers  which  are 
dissipated  in  the  sample  multiplier  by  a  Hall  factor  This  Hall  factor,  which  is  related 
to  the  mobility  and  the  magnetic  field,  is  the  key  parameter  for  determining  the  efficiency 
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of  converting  the  d.c.  power  into  the  useful  r.f.  power,  fj  is  the  r.f.  input  power.  and 
are  the  r.f.  voltage  and  its  corresponding  magnetic  field.  is  related  to  B^  by  a  pro 
portional  constant  b. 

Equation  (V-71)  states  that  the  power  gain  is  proportional  to  the  dissipated  d.c. 
input  power,  and  also  depends  upon  the  mobility  of  the  sample.  These  are  probably  the 
two  limiting  factots  for  realizing  such  a  Hall-effect  magneto-resistance  amplifier. 

To  check  the  new  magneto-resistance  and  transconductance  (Sxc^y  "  type 

germanium  wafers  of  rectangular  shape  were  for  the  measurement.  The  wafer  has  the 
dimensiohs  1  cm  x  1  cm  x  .05  cm.  The  sample  has  a  resistivity  of  25  H  cm.  The  electron 
mobility  of  the  material  is  of  the  order  of  1400  cm^/vs.  The  plots  of  magneto-resistances 
and  magneco-transconduccances  as  functions  of  the  electric  potentials  and  the  magnetic 
field  are  shown  in  Figs..V-7  and  V-8.  For  comparison,  measured  magneto-resistances  and 
computed  ones  are  plotted  together.  The  agreement  is  good  except  at  high  magneto  re¬ 
sistances,  which,  with  the  Hall  modulation  almost  equal  but  opposite  to  die  magneto¬ 
resistance  modulation,  arc  very  sensitive  to  any  change  of  the  field  and  the  potential. 

Thus,  a  combined  mode  of  utilizing  of  Hall-Effcct  and  magneto-resistance  is 
achieved.  The  sensitivity  and  impedance  level  of  this  mode  are  much  higher  than  that  of 
the  individual  IjalilEffect  and  magneto-resistance,  A  magneto-resistance  is  defined  as 
the  change  in  the  .flutput  current  due  to  change  in  magnetic  field  divided  by  the  input 
voltage  which  produces  the  change  in  field.  The  DC  dependence  of  this  magneto-transcon¬ 
ductance  and  Hall-Effect  resistance  are  reminiscent  of  that  of  the  plate  resistance  and 
the  transconductance  of  a  Viacuum  triode. 

To  teat  the  above  theory  of  amplification,  experiments  arc  being  carried  out  at  two 
frequencies  '  ' 

(a)  A  2mc.  Hall-Bffect  Difvic'e 

Early  experiments  provided  the  first  experimental  verification  of  this  scheme.  These 
measurements  were  made  with  t^b  basic  circuits.  One  as  an  amplifier  at  2  me  the  other  as 
a  down  converter  in  the  same  frequency  range.  The  results  were  quite  encouraging,  espe’ 
cially  chose  of  the  converter  case,  since  the  presence  of  frequency  conversion  alone 
represents  tangible  and  noteworthy  substantiation  of  theoretical  predictions.  While  con¬ 
siderable  isolation  and  electronic  gain  were  achieved  the  sensitivity  of  the  circuit  was 
still  low  and  subject  to  appreciable  experimental  error.  Consequently  our  present  effects 
are  concerned  with  possible  improve  me  tits  in  the  experimental  set-up.  Several  approaches 
are  in  the  process  of  evaluation. 
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A  new  sample  of  InSb  was  prepared  with  the  help  of  J.  Brings  and  R.  Vannozai  of 
the  Integrated  Electronics  Group.  This  sample  was  only  .008“  thick  compared  to  the  .020" 
of  the  first  sample.  Mounted  on  a  thin  ceramic  wafer,  it  was  inserted  into  a  .025“  gap  in 
a  ferrite  ring.  The  d.c.  resistance  of  the  sample  was  improved,  making  the  matching  of 
the  associated  circuitry  somewhat  easier.  New  converter  circuits  were  built  and  carefully 
measured  to  eliminate  any  possibility  of  conversion  occurring  in  other  than  the  desired 
mode,  i.e.,  through  the  Magneto-Hall-Effcct. 

Several  combinations  of  d.c.  and  a. c.  .auxiliary  fields  were  explored,  as  well  as 
various  levels  of  permanent  magnetic  fields.  These  tests  pointed  up  the  need  for  further 
improvements  in  the  design  of  the  magnetic  paths  of  the  circuit.  The  ferrites  which  were 
available  at  the  beginning  of  our  tests  imposed  some  definite  limitations.  New  ferromag¬ 
netic  materials  with  higher  permeability,  higher  saturation  flux  densities,  and  lower  losses 
at  the  desired  freiuency  range  have  been  obtained  recently  and  are  in  the  process  of 
evaluation. 

It  is  hoped  that  these  ferrites,  together  with  thinner  samples  of  the  order  of  .003“ 
thickness,  will  eventually  improve  the  device  sensitivity. 

(h)  A  4  kMc  Hall-Ejject  (Aixer 

A  quarter-wavelength  coaxial  cavity  was  constructed  having  a  .010“  thick  InSb 
sample  mounted  at  the  end  of  the  reentrant  post.  The  resonant  frequency  was  4060  MC 
with  an  air  gap  of  .020",  The  measured  cavity  was  of  the  order  of  400. 

Signal  and  local  oscillator  were  introduced  on  a  common  loop  at  the  low  voltage 
end  of  the  cavity,  output  was  derived  on  a  lead  soldered  to  the  center  of  the  sample 

and  brought  out  through  the  reentrant  post. 

Early  measurements  have  indicated  that  the  mixer  has  a  sensitivity  of  -14  dbm  with 
a  L.O  power  of  ,5  watt.  A  piece  of  teflon  was  introduced  in  the  cavity  to  fill  the  air  gap. 
The  resonant  frequency  was  shifted  to  3380  MC,  and  the  sensitivity  was  improved  by  10 
db.  This  suggests  a  need  to  increase  the  coupling  of  the  r.f.  magnetic  field  to  the  sample. 

Unfdifectlonal  Tunnel  Diode  Amplifiers  and  Hall  Isolators 

The  purpose  for  which  this  project  was  undertaken  was  to  investigate  the  feasibility, 
of  a  nonreciprocal  amplifier  emerging  from  the  combination  of  a  tunnel  diode  and  a  Hall 
isolator.^  Such  a  pursuit  was  justified  by  the  fact  that  tunnel  diode  amplifiers  cannot  he 
cascaded  directly  due  to  their  two-terminal  bilateral  nature  and  the  instability  problems 
associated  with  them  as  negative  resistance  devices.  Toward  this  goal  several  Hall 
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isolatocs  were  constructed  to  be  incorporated  in  the  circuit  of  a  typical  tunnel  diode  ampli¬ 
fier  intended  to  operate  in  the  neighborhood  of  30  MC/S.  A  schematic  diagram  of  the  com¬ 
bined  circuit  is  shown  in  Fig.  V*9.  An  overall  forward  gain  of  2  db  with  an  isolation  of  10 
db  (that  is,  a  difference  in  transmission  between  the  two  directions  of  12  dbs)  was  recorded, 
but  any  attempt  to  improve  these  figures,  especially  the  isolation,  at  higher  frequencies 
of  operation  met  with  no  success.  On  tlie  contrary,  the  isolation  demonstrated  a  rather 
rapid  rate  of  decrease  until,  at  about  50  MC/S,  the  circuit  became  almost  bilateral.  This 
type  of  behavior,  not  entirely  unexpected,  was  found  to  be  due  to  the  isolator. 

This  determination  started  a  second  phase  of  the  project,  an  undertaking  to  determine 
causes  of  isolator  failure  at  higher  frequencies  to  study  them  quantitatively  and  to  propose 
possible  remedies.  Several  more  Hall  isolators  were  constructed  and  after  extensive  test¬ 
ing,  the  following  experimental  evidence  became  avaihible; 

All  of  the  isolators  exhibited  superlative  isolation  (as  high  as  it  could  be  measured 
with  available  instruments  —  better  than  80  dbs)  at  DC  and  very  low  radio  frequencies. 

At  higher  frequencies  the  isolation  was  found  to  deteriorate  rapidly  until  in  effect,  thfe 
isolator  became  a  bilateral  network  at  frequencies  in  tlie  neighborhood  of  50  MC/S,  This 
observation  was  reminiscent  of  the  same  type  of  failure  witnessed  during  direct  testing  of 
the  integrated  tunnel  diode  -  Hall  isolator  amplifier,  as  stated  previously.  Such  a  failure 
at  those  frequencies  could  not  be  attributed  to  the  semiconductor  of  the  isolators  (Gelrma- 
nium  or  Indium  Antimonido)  but  rather  to  the  Stray  elemeri?s  mainly  capacitative  inherent 
to  the  isolator  by  construction  and  coupling  the  input  and  output  ports. 

Figure  V-10  represents  the  generalized  form  of  the  "practical”  Hall-effect  isolator 
wliicli,  for  normal  operation,  is  terminated  in  z^j  and  z,^  at  ports  ill'  and  22' ,  respectfiVely. 
xj  ,  ,  z^  and  arc  the  stray  impedances  and  the  rest  of  the  circuit  is  what  will  be 

conventionally  labeled  as  the  ":jfiipei'turbed”  Hall  isolator,  possessing  finite  forward  and 
infinite  backward  insertion  loss. 

Figure  V-11  dcDfionstrates  the  synthesis  of  the  practical  isolator  of  Fig.  V-10  as 
parallel  combination  of  three  distinct  2-terminal-pBir  networks  Nj  ,  tlie  unperturbed  iso¬ 
lator,  and  ,  the  stray  impedance  networks  referred  to  as  the  "spoiling”  circuits. 

The  overall  Y-matrix  of  the  combination  is  the  sum  of  the  Y-matrices  of  the  three  separate 
component  networks' 
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For  the  generalized  isolator  of  Fig.  V-ll  the  following  expressions  were  derived; 
la)  Input  impedance  as  seen  from  port  11'  with  port  22'  terminated, 


«r2  ''  ^40 
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lb);  Input  im  pedaiicc  as  seen  from  port  22*'  with  port  11  '■<  terminated, 
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Observe  from  Eqs.  (y-79)  and  (V-80)  that,  for.an  ideal  isolator  (either  Z^y- P.  or 
infinite  insertion  loss  in  cither  direction,  finite,  not  necessarily  zetp,  in  the  other), 

*1/  ^10  *(2  ^40 '  *’®'’  input  impedances  are  equal  to  their  respective  driving 

point  impedances  and  are  independent  of  2,j  and  cases  when  2,,  and 

are  active  (negative)  impedances, 

2a)  Power  Loss  Ratio  (PLR)  in  the  1  2  direction,  with  port  22'  terminated  and  port  11' 

driven  by  a  source. 

rDtn^ _ Power  entering  port  11'  J  (V-si) 
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2b)  Power  Loss  Ratio  (PLR)  in  the  2-+1  direction,  with  port  11'  terminated  .id  pou  21' 
driven  by  a. source. 
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3)  Isolation  in  dbs 

Isol  (dbs)  -  10  log jQ 
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The  last  expression  is  of  importance.  Its  loi...  he  simplified  considerably  under 
special  conditions  without  invalidating  the  more  basic  conclusions  to  which  the  original 
expression  Eq.  (V-83)  leads.  For  example,  in  the  case  of  a  symmetrical  unperturbed  iso¬ 
lator  (Vj  ( =  considering  2,j «  (which  would  be  the  case  if  and 

image  impedances  of  the  2-terminaLpair  network  of  the  said  isolator),  one  obtains 


Isol  (dbs)  =  20  logj^ 
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But  it  is  concluded  from  either  Eq.  (V-83)  or  (V-Sd)  that  the  isolation  becomes  optimum 
(infinite)  when  or  Y20  becomes  zero.  From  Eq.  (V-71),  letting  the  'follow  ing 

condition  for  optimum  isolation  is  obtained . 
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Therefore,  the  mere  existence  of  stray  impedante.s  does  not  necessarily  affect  the  isola¬ 
tion  provided  that  condition  Eq.  (V-85)  is  satisfied.  This  condition  has  liecn  simulated 
with  lumped  impedances  z„(«-  I  •••4)  for  isolation  measurements  made  around  30  Mc/s. 
Typical  values  of  Isolation  measuiod  are  in  the  neighborhood  of  40  dbs. 


At  this  point  it  was  felt  as  quite  appropriate  to  test  the  above  conclusions  with 
practical  Hall  isolators  in  the  VHF  domain  by  employing  strip-line  techniques.  The  pur¬ 
pose  of  this  venture  is  two  fold:  First,  to  the  best  of  our  knowledge,  comparative  work 
which  has  been  done  so  far  with  practical  Hall  isolators  is  pretty  well  limited  to  the  lower 
radio  frequencies.  Second,  high  efficiencies  (low  insertion  loss  in  the  order  of  2  to  1  dbs) 
are  possible  with  multicontact  Hail  isolators^,  and  results  to  substantiate  this  are  avail- 
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able  at  lower  frequencies.  On  she  other  hand,  condition  Eq.  (V-S5)  can  be  closely  approxi- 
miited  in  triplate  structures  due  to  the  symmetrical  placement  of  the  semiconductor  wafer 
with  respect  to  the  ground  planes. 

Figure  V-12  represents  a  4-Contact  Hall  isolator  in  strip  line  designed  for  operation 
at  600  Mc/s.  The  design  is  a  tentative  one,  but  the  main  ideas  were  incorporated  in  it. 
Because  of  the  four-terminal  nature  of  the  isolator,  the  ordinary  2-ground-plane  triplate 
geometry  is  not  directly  applicable.  Instead,  3-ground-plane  triplate  lines  are  employed. 
The  strip  lines  shown  in  the  sketch  are  of  such  length  and  characteristic  impedance  as 
to  effect  proper  impedance  matching  and  phase  relation.  The  construction  of  this  isolator 
is  presently  under  way.  Meanwhile,  the  continuity  performance  of  simple  transitions  be¬ 
tween  center  strips  of  single  triplate  li.nes  is  being  investigated,  since  knowledge  about 
such  transitions  will  be  immediately  employed  in  the  construction  of  the  isolator. 
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VI.  GERMANIUM  AND  GALUUM  ANTIMONIDE  TUNNEL  DIODES 

A.  GERMANIUM  TUNNEL  DIODES 
Introduction 

In  contrast  to  most  alloyed  pn  junctions,  the  properties  of  tunnel  diodes  can  depend 
greatly  on  the  recrystallized  region  under  the  alloyed  dot.  Figures  VI-1,  and  VI-2  illustrate 
why  this  is  so.  Figure  VI-2  represents  the  densities  of  four  components,  germanium,  gallium, 
arsenic  and  thallium  as  a  function  of  distance  from  a  previously  molten  alloy  front.  This 
front  had  been  penetrating  from  a  thallium-arsenic  dot  into  a  gallium-doped  germanium 
wafer  and  consisted  of  these  four  ingredients  in  the  concentrations  depected  at  the  far 
right  of  the  figure.  Before  a  sudden  or  quench  cooling  cycle,  a  1-second  diffusion  at 
700"C  was  assumed  to  take  place.  The  same  doping  profile,  however,  might  also  have 
arisen  from  longer  times  at  lower  temperatures. 

The  effect  of  diffusion  during  the  cool|ng  cycle  Was  to  move  the  pn  junction  back 
toward  the  recrystalllzcd  region.  Consequently  the  metallurgical  variables  which  control 
the  doping  profile  in  the  rccry.stallized  regioii;  take  on  increased  importance.  The  effects 
of  such  variables  as  alloying  phase  copiposijidn,  alloying  ambients,  time,  and  temperature 
will  now  be  considered  in  turn. 

Alloying  Phase  Composition 

Some  of  the  limitations  and  fabricution  difnculti'eS  of  tunnel  diodes  can  bU  circum- 
vei^ted  by  alloying  witli  doped  thallium  dots.  Thallium  is  unique  among  the  useful  "carrier'!' 
metals  in  that  it  forms  low  melting  point  alloys  with  high  dopant  concentrations  (above 
lO/o).  This  property  allows  it  to  alloy  to  semiconductors  and  produce  a  junction  region 
doped  to  the  solubility  limit  of  both  thallium  (10*^/cc).  and  of  the  dopant  it  carries.  The 
dopants  (Mg,  Zn,  Cd,  As,  P  Sb,  S,  Se,  Te)  will  far  ontnuinbcr  the  larger  less  soluble 
thallium  ions  h  the  recrystallized  semiconductor.  (Figure  VI-2).  The  electrical  properties 
of  this  region  (and  any  subsequently  diffused  junction)  will  depend  on  the  dopant  rather 
than  the  thallium. 

Utilizing  dopants  alone,  without  carrier  metal  would  sacrifice  the  reproducible  al¬ 
loying  of  a  dot  which  nielt.s  while  standard  fluxes  are  still  liquid  and  able  to  clean  the 
surfaces  during  the  initial  spreading  and  wetting.  Moreover,  most  of  the  dopants  have 
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unfavorable  melting  points,  vapor  pressuresj  malleability,  and  surface  films.  Utilizing 
other  carrier  metals  than  thallium  furnishes  a  much  lower  dopant  concentration  for  a 
similarly  low  melting  point,  or  a  much  higher  melting  point  for  the  same  concentration. 

While  these  are  satisfactory  for  many  purposes,  thallium  alloy  junctions  should  have  the 
advantage  wherever  the  highest  concentration  is  wanted  in  a  recrystallisted  region.  With 
thallium-arsenic  dots  oven  the  most  highly  gallium  doped  crystal  available  (4><I0^°/cc) 
has  given  peak  to  valley  current  ratios  of  better  than  3  to  1.  Under  optimum  alloying  con-^ 
ditions  these  dots  have  given  current  ratios  up  to  7.5.,  and  current-to-capacitance  ratios 
greater  than  1  ma/g/<  f.  Since  these  latter  measurements  were  on  low  doped' crystals  fired 
were  on  low  doped  crystals  fired  above  600“C,  significant  improvement  may  be  anticipated. 

A  eutectic  alloy  of  30%  antimony  in  thallium  v/if.h  a  195“C  mp  has  given  tunnel 
diodes  on  highly  gallium-doped  germanium  (1-2 x  10^®/cc)  when  heated  to  760°C.  The 
antimony  solubility  apparently  is  greatly  enhanced  over  its  Ge.Sb  eTuilibrium  value. 
Another  novel  eutectic  alloy  of  27%  gallium  in  bismuth  has  given  tunnel  diodes  on  the 
most  highly  arsenic-doped  germanium  (4.10^5/cc).  Unfortunately,  both  this  and  the  more 
standard  3%  gallium  in  tin  are  too  brittle  to  provide  food  dots.  A  ternary  alloy  of  tin, 
bismut|i  and  gallium  of  120‘'C  mp  was  found  more  malleable  than  the  above,  and  also  gave 
tunnel  diodesi  The  presence  of  tin  here  and  in  most  tunnel  diode  alloys  seems  to  break 
up  the  semiconductor  surface  at  lower  temperatures  than  other  alloys  do, 

Alloying  Ambients 

|j  '■  . 

I'he  ambient  or  fluid  in  whicli  alloying  takes  place  can  cither  serve  to  clcai)  ot  to 
contaminate  the  rccrystallizcd  region.  Ordinarily  the  alloy  dot  is  given  a  liquid  flu^k  ambient 
wliiclt  serves  to  remove  films,  sucli  as  solid  oxides,  that  might  interfere  with  spreading 
and  wetting.  Most  of  these  evaporate  before  the  final  alloying  temperature  is  attained  and 
thus  expose  the  dot  to  a  gaseous  ambient  during  the  final  stages. 

With  thallium-arsenic  dots  k  has  been  found  that  notably  poorer  diodes  have  been 
obtained  when  divalent  atoms  such  as  Cu,  Zn,  or  Mg  are  contained  in  the  atnbicnt.  Both 
Divco  fluxes  »229  and  335  iiave  been  analyzed  .ind  found  to  contain  Zn.  It  lias  been 
noticed  that  alloying  in  encapsulations  containing  Copper  yields  poorer  peak-to-valley 
current  ratios  than  are  obtained  on  uncncapsulatcd  diodes  utilizing  no  flux  (or  pure 
glycerin).  Near  the  solubility  limits  of  the  dominant  impurities  we  know  that  the  solubility 
of  these  unfavorable  impurities  are  enhanced.^* 

Above  600°C  our  thallium-arsenic  dots  were  found  to  flux  themselves  by  forming  a 
second,  clear  yellow  arsenic-rich  phase  which  floats  around  the  metallic  phase.  In  pure 
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hydrogen,  the  formation  of  arsine  (ASH3)  gas  prevents  this,  so  that  better  diodes  are  ob¬ 
tained  below  550°C.  In  nitrogen  or  argon,  the  best  peak  to  valley  current  ratios  are  ob¬ 
tained  between  600°C  and  800'’C  and  occur  wherever  this  yellow  coating  is  most  notice¬ 
able.  (Fig.  1^1-3).  Spectroscopic  analysis  of  this  coating  and  the  underlying  dot,  revealed 
them  to  be  pure  arsenic  and  the  atsenic-thallium  eutectic.  (.81. .19),  respectively.  This  is 
the  equilibrium  expected  from  the  phase  diagram  of  Mansuri^. 

Temperature  and  Time  Experiments 

Once  the  choice  of  a  favorable  ambient  and  composition  of  alloy  dots  is  made  it  re¬ 
mains  to  determine  the  desired  alloying  temperature  and  time.  Heating  cycles  which  give 
the  best  peak  to  valley  current  ratio  are  in  general  different  from  those  giving  maximum 
current  density  and  hence  frequency  response  (cf,  Pt  II). 

Time;  effects  were  investigated  by  fabricating  diodes  at  a  constant  temperatuic  and 
measuring  the  same  diodes  after  successive  time  increments.  Temperature  effects  were 
similarly  characterized  for  constant  time  intervals  at  sufficiendy  large  temperatnte  incre¬ 
ments.  Peak  and  valley  current  measurements  have  been  performed  in  this  manner.  Although 
second  order  "history’'  effects  are  undoubtedly  present,  the  relatively  broad  maxim  ob¬ 
tained  compared  Co  the  test  Intervals  justified  the  procedure.  These  effects  and  deviations 
in  area  and  doping  would  nominate  all  others  if  different  junctions  were  used  instead. 

A  single  crystal  of  germanium  doped  with  l-2xlO^'^Ga/cc.  was  sliced  perpendicularly 
to  tlW  111  axis.  After  sufficient  etching  to  remove  surfac,j6  damage,  a  single  Slice  was  cut 
into  '10  mil  squares,  and  placed  directly  upon  a  cungsten'foil  heater  scrip  above  a  welded 
thermocouple.  Thallium-^'rscnic  3  mil  cylinders  were  placed  ja top  each  unit  and  they  were 
iieated  in  a  controlled  ajfiftospliere.  Figures  yi-3,  Vl-4,  and  Vl-5  show  the  results  obtained. 

The  diminution  df  peak  current  at  long-  times  and  high  temperatures  is  undoubtedly 
due  CO  a  diffusive  broadening  of  the  junction  depletion  layer.  The  well  known  exponential 
behavior  of  tunneling  current  may  be  restated  in  terms  of  the,  donor  and  acceptor  doping 
levels,  und  thru  their  effect  on  this  depletion  widt'n 

I  I  Vi 

I  «<  exp  -  Const  +  — 

The  increase  of  solubility  into,  and  then  later  the  increase  of  diffusion  with  higher  temper¬ 
ature,  apparently  can  produce  the  maxima  in  the  curves  of  Figure  VI-3  and  VI-4. 
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A  preliminary  factorial  design  experiment  was  used  to  determine  degradation  of 
units  fabricated  in  the  low  inductance  "sandwich”  structure  (Fig,  VI-5).  Three  variables 
were  considered  cooling  time,  orientation,  (alloy  dots  atop  or  under  the  opposite-doped 
pellet)  and  pellet-preheating.  (A  private  communication  from  E.  Hockings  of  RCAL  indi¬ 
cated  that  highly-doped  samples  would  give  fewer  free  electrons  after  annealing). 

Cooling  time  changes  gave  the  only  significant  results,  indicating  that  quenching 
always  produced  the  better  units.  Impurity  segregation  effects  in  addition  to  diffusion  and 
reactions  are  important  when  the  alloying  time  is  comparable  to  the  time  to  cool  to  approxi¬ 
mate  40°K.  below  the  maximum  temperature®.  In  such  a  case  the  junction  which  has  dif¬ 
fused  slightly  ahead  of  the  metallurgical  junction  (Fig.  VI-1)  may  diffuse  back  out  and 
disappear  entirely.  Because  of  segregation  effects  during  the  cooling  cycle,  the  high 
density  liquid  impurity  source  is  replaced  by  an  epitaxial  layer  of  much  lower  density. 

(Fig.  VI-2).  The  very  thin  Indiffused  layer  apparently  drops  rapidly  in  density  when  it  can 
diffuse  in  both  directions.  Several  rough  approximations  can  be  used  to  estimate  whether 
these  conditions  will  be  present.  At  the  metallurgical  junction  there  exists  a  planar  dif- 
fuaiqn  squrcc  of  constant  density  equal  to  the  solubility  in  the  semiconductor.  If  the 
liquid  alloy  is  only  a  fraction  (/)  saturated,  the  epitaxial  layer  will  be  regrown  with  a 
loyircr  deiisity  Of  .  If  this  is  far  lower  than  the  original  base  doping  ,  the  junction 
can  disapj^car  entirely  during  a  slow  cooling  cycle. 

Observations  on  germanium  tunnel  diodes  indicate  that  the  valley  current  is  Increased 
more  drastically  than  the  peak  current  is  decreased  for  the  above-mentioned  conditions. 

(Fig.  VI-6).  Since  both  currents  are  thought  to  tunnel  across  the  .^ame  barrier,  it  must  he 
assumed  that  somehow  the  density  of  valleij'  tunneling  sites  is  increased,  If  a  reaction  is 
assumed  to  take  place  between  donors  and  acceptors  this  divergent  behavior  of  peak  and 
valley  currents  can  be  explained.  (Appendix  A).  Experiments  have  been  performed  indi- . 
eating  that  such  sites  are  probably  formed  by  a  reaction  between  gallium  and  arsenic  when  ' 
they  diffuse  together  in  the  depletion  region  of  a'  tunnel  diode  as  it  is  fabricated. 

These  experiments  show  that  overcooking  a  tunnel  diode  at  alloy tngftemperarure.'i 
initially  decreases  the  peak  current  but  increases  the  valley  current  (Fig.  Vl-6).  Since 
both  these  tunneling  currents  vary  monotonically  with  the  wddth  of  the  depletion  layer  and 
the  band  gap,  we  are  forced  to  assume  tliat  the  denisty  of  levels  in  the  impurity  band  giv¬ 
ing  rise  to  excess  current  has  increased  near  the  junction  by  a  diffusion  mechanism,  It 
seems  a  plausible  hypothesis  chat  the  impurity  band  may  be  due  to  products  of  reactions 
of  the  form  'i+  ml)  +  oV  where  d,  m,  and  n  may  be  U,  I,  2..,,  A,  D,  and  V  are 

acceptors,  donors,  and  vacancies  respectively.  General  continuity  equations  may  be  written 
for  the  density  change  of  each  species.  For  only  one  reaction  and  product  these  will  be 
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the  sum  of  a  diffusion,  a  dissociation,  and  a  recombination  reaction  term.  Because  of  the 
slow  diffusion  of  vacancies,  and  the  loq  frequency  factor  for  multiple  collisions,  a  reason¬ 
able  guess  would  be  that  a  ’’simple  collision”  between  one  Ga  and  one  As  by  diffusion 
populates  the  impurity  band  and  would  give  a  profile  similar  to  the  shaded  region  of 
Figure  Vl-2  (bottom  left). 

This  figure  shows  conditions  under  which  the  junction  may  actually  diffuse  back 
into  the  distribution  of  impurity  band  levels.  Here  this  would  occur  when  the  inflection 
point  of  the  arsenic  distribution  passed  through  the  gallium  concentration  (l.e,,  the 
junction)  under  the  double  in-then  out-diffusion  conditions  of  junction  heating  then  cool¬ 
ing.  Before  cooling,  an  ”;infinite”  arsenic  source  exists  at  x  =  0,  which  corresponds  to 
the  inflection  point  until  cooling.  During  cooling,  the  epitaxially  rectystr.llized  germanium 
would  become  an  arsenic  sink,  probably  with  a  larger  diffusion  constant  because  of  vacancy 
inclusions. 

An  experiment  designed  to  test  the  hypothetical  diffusion  gradients  in  Figure  4 
vindicated  these  speculations  as  follows.  Unmounted  units  were  made  by  alloying  the 
same  3%  gallium  dots  (of  Figure  Vl-6)  to  arsenic-doped  germanium  at  655°C  for  ten  seconds, 
quenching  and  testing.  These  data  were  compared  to  data  obtained  after  reheating  the  s.ame: 
units  to  62 for  ten  more  seconds  and  quenching.  The  alloy  interface  under  these;  latter 
conditions  was  shallower  (since  less  germanium  was  soluble  in  the  alloy)  so  that  rectys- 
talllzed  germivnium  remained  to  provide  a  sink  for  out-diffusing  gallium.  iRecycling  a  num-  i, 
ber  of  times  gave  the  following  correlation  between  the  last  equilibrium  temperature  and  / 
the!  peak  to  valley  ratio. 

TABLE  VI-1 


II 


POSTULAtiED 
condition' AT 
x»0 

—  -  ■<!  -1 

TEUPERATURE 

NORMALIZED  AVERAGE 
CURRENTS 

TOTAL  TIME 
BEPORE  TEST 

'/'v 

'v 

Gu  source 

655'‘C 

5.5 

.29 

1 

10  3CC 

Ga  sink 

62yc 

1.15 

.87 

1 

20 

Gu  sink 

625'’C 

1.1 

.74 

.81 

30 

Ga  source 

655“C 

1.9 

•  31 

.588 

40 

Ga  source 

1.6 

.25 

.4 

50 

Ga  sink 

625’’C 

1 

.28 

.28 

60 

Ga  source 

655‘’C 

1.33 

.30 

.40 

70 

Ga  source 

655°C 

1.25 

_ 

.20 

.25 

_ 

80 

The  drop  in  the  ratio  whenever  a  gallium  sink  existed  at  x  0  seems  to  be  due  to 
jumps  in  the  valley  or  excess  current.  This  supports  the  contention  that  the  junction  is 
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moving  back  into  an  increasing  distributicn  of  impurity  centers  of  the  nature  of  a  GaAs  V 
complex,  whenever  a  gallium  sink  appears  at  x  =  0,  The  opposite  movement  is  expected 
whenever  a  gallium  source  is  brought  to  x  =  0. 


B.  GALLIUM  ANTIMONIDE  TUNNEL  DIODES 
Introduction 


A  considcrUtion  of  the  tunnel  diode  equivalent  circuit  in  Fig.  Vl-7  will  show  that 
the  useful  frequency  range  of  tunnel  diodes  can  be  increased  in  either  of  two  ways.  First 
the  diode  conductance  (G)  can  be  increased  to  exceed  the  shunt  susceptance  up  to  higher 
gain-bandwidth  products  (G/2n^).  Secondly,  the  series  reactance  can  be  decreased  below, 
the  diode  impedance  to  prevent  excess  power  storage  near  the  LC  resonant  frequency. 
These  limitations  are  superimposed  on  the  familiar  LC  impedance  chart  in  Fig.  VI-8,  The 
diode  capacitance  on  the  abscissa  is  dependent  mainly  on  the  junction  diameter  within 
the  small  doping  range  illustrated.  The  gain  bandwidth  product  (on  the  slant  ordinate)  is 
in  one-to-one  relation  with  the  doping  density  for  any  given  material.  In  gallium  antimonidc 
the  relation  favors  higher  frequencies  than  germanium.  The  two  parameters  of  reduced 
junction  area  and  higher  doping  are  the  ones  which  must  be  pushed  to  achieve  better 
tunnel  diode  frequency  response  once  the  material  is  chosen. 

A  closer  look  at  the  tunnel  diode  equivalent  circuit  (Fig.  Vl-V)  allows  a  more  accur¬ 
ate  calculation  of  the  frequency  behavior,  which  is  seen  to  be  closely  related  butinot 
aly/ays  equal  to  the 'two  frequencies  plotted  in  Fig.  VI-8.  When  the  tunnel  diode  is  biased 
away  from  its  peak  or  valley  current  into  the  negative  resistance  region  its  self-resonant, 
frequency  /,  decreases  from  / '■■ 


in  which  /  and  C/2rrC,  the  gain  bandwidth  produce  arjs  given  on  Fig.  VI-8. 


The  cutoff  frequency  above  which  negative  resistance  disappears  is  a  function  of 

series  resistance  r  i/. 

_R_ 

2n  R  C 

For  junctions  of  small  radius  ^'compared  to  base  thickness  will  vary  inversely  with  R', 
‘.yhile  C  =  and  C  will  vary  directly  with  These  considerations  point  to  the  (act 


(Vl-2) 
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that  the  cutoff  frequency  will  asymptotically  improve  as  Hence,  it  is  desirable 

to  reduce  the  junction  area  for  both  high  frequencies  and  for  high  impedances. 

Welded-point  junctions,  and  small  dot  etching  and  mounting  techniques  are  suggested 
by  this  last  consideration.  Novel  materials  such  as  gallium  antimonide  will  lead  to  lower 
noise  as  well  as  higher  frequencies.  These  general  considerations  then  outline  the  course 
pursued  in  this  investigation. 

Procedure  and  Resiilts 

Tunnel  diodes  have  been  made  on  tellurium-doped  antimonide  (1.7 x  10'®/cc)  by  two 
methods : 

1)  Welding  junctions  by  passing  a  capacitor  discharge  of  known  energy  through  a 
point  contact. 

2)  Alloying  small  junctions  in  flowing  hydrogen  under  controlled  time  and  tempera  ■ 
tore  cycles  similar  to  germanium  unit,s.  Low  melting  point  eutectic  alloys  of  tin  with  zinc 
or  cadmium  have  been  successful  by  both  methods. 

Figure  Vl-9  shov;s  typical  changes  in  peak  and  valley  currents  up  reheating  diodes 
made  with  tin-zinc  eutectic  alloy  dots.  (mp.  19B®C).  The  heating  and  cooling  cycles  were 
similar  to  those  shown  in  F'ig.  VI-10  in  terms  of  thermocouple  potential  (roughly  linear 
with  respect  to  temperature).  Probably  bfecause  of  the  short  heatihg  times,  the  valley  cur¬ 
rents  have  risen  comparatively  high  during  the  cooling  cycle.  Note  that  tlig  maxinmm  cur¬ 
rent  densities  (and  hcricc  gain-bandwidth  products)  occur  at  .significantly  lower  temperatURs 
chan  the  best  pcal^  to  valley  ratios.  On  the  basis  of  the  maximum  cross-sectional  area  of 
the  alloy  doc,  significantly  higher  gain-biindwidth  products  have  been  calculated  for  these 
dnits  (Fig.  VF8  right  side).  Welded  zinc  points  have  given  almost  as  favorable  results  f 
with  ratios  up  to  3  to  1.  i  5 

'I 

Poorer  current  (Je!!«itie.h  but  better  ratios  have  been  found  so  far  using  tin-cadmium 
(rtip.  177“C)  eutectic  dots.  Figure  VI-ll  shows  how  fast  tlrese  are  degraded  even  at  a  low 
alloying  temperature.  Peak  to  valley  current  ratios  up  to  7  have  been  obtained  with 
momentary  heating  cycles  at  higher  temperatures.  Gain-bandwidth  products  near  5  kmc  have 
been  calculated  on  the  basis  of  apparent  junction  cross-sectional  area. 

Interpretation  of  Results 

Degradation  of  valley  current  appears  similar  to  that  of  germanium  units.  Faster  dif¬ 
fusion  and  lower  doping  in  this  material  may  cause  this.  Less  reproducibility  of  results  is 
attributed  to  material  which  is  single  crystal  only  over  small  areas.  Under  slightly  higher 
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tellurium  doping,  patc'Kes  of  gallium  telluride  are  apparently  formed  to  drive  the  material 
polycrystalline.  Other  n-type  dopants  experience  similar  difficulty.  Mobility  and  hence 
cutoff  frequency  are  therefore  reduced  in  the  latest  higher-doped  units. 

C.  APPENDIX  -  A  GENERAL  MODEL  FOR  THE  SOURCE  OF  TUNNEL  DIODE  VALLEY 
CURRENT 

Introduction 

Dissipation  in  the  positive  resistance  in  shunt  or  series  with  any  semiconductor 
junction  can  mask  its  nonlinear  characteristic.  In  most  diodes,  these  resistances  are  not 
directly  related  to  the  primary  nonlinear  effect.  However,  in  tunnel  diodes,  a  close  relation¬ 
ship  does  exist  in  that  botlt  the  negative  and  positive  resistance  regions  are  produced  by 
the  tunneling  phenomena. 

In  all  junction  diodes  holes  flowing  toward  the  junction  on  the  p-type  side  recombine 
with  electrons  flowing  toward  the  junction  on  the  n-type  side.  In  an  ordinary  forward-biased 
diode  these  carriers  diffuse  an  appreciable  distance  from  the  junction  during  their  ''.lifetime” 
before  recombining  through  various  centers.  In  the  tunnel  diode,  a  similar  recombination 
path  can  account  for  tunneling  between  electrons  and  holes  held  at  different  energy  levels 
by  an  applied  voltage  beyond  the  valley  region.  The  kinetics  of  the  possible  formation  of 
any  such  centers  under  the  usual  fabrication  conditions  will  be  explored.  The  implications 
involved  will  be  seen  to  bear  liglit  on  the  behavior  of  tunnel  diode  currents  under  operating 
tonditions.  ,  '  h 

Tunnel  diode  alloy  processes  seek  to  dissolve  germanium  from  a  liiglily  doped  base 
wafer  and  rccrystnlliiio  an  epitaxial  layer  of  the  opposite  type  to  form  as  abrupt  a  junction 
as  possible,  without  introducing  pr  creating  valley  current  recombination  centers,  Such 
centers  might  be  formed  by  reactions  of  the  type,  i 

0  i  mA  I  A„V„  (yi-3) 

in  which  /,  m,  and  n  may  each  be  0,  t,  2/...,  and  11,  A,  and  V  are  donors,  acceptors,  and 
vacancies  respectively.  General  continuity  equations  may  be  written  for  the  density 
charge  of  eacii  species.  Tiiese  will  be  given  in  general  by  tlie  sum  of  diffusion,  dissocia¬ 
tion  and  recombination  reaction  terms. 

- =  y  ■  (^DAVd  ^  ^DAVd^*  K^d'  ^DAVd 

dt 

{VI-4) 
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(VI-5) 


-a  =  V  .  rop  V  N^)  ..  1  Nl'  N-  ..  s  ]  A 


^  V  .  fD^  VN^)-2  m, +  I 


^  •"d'^d‘'DAVd 


(VI-6) 


V  •  (D^f  V  Afj,J  -  51  n^  Np  1^  I  S  njkjNp^  yj 


(VI-7) 


in  which  is  the  concentration  of  species  '^mt^nt  recombination  rate  constant 

and  dissociation  rate  constant  kj\  ,  and  Ny  refer  to  the  donor,  acceptor,  and 

vacancy  densities  respectively. 

These  equations  can  be  simplified  by  a  number  of  practical  considerations.  If  a 
planar  diffusion  on  source  with  negligible  edge  effects  is  assumed,  the  divergence  and 
gradient  reduce  to  simple  derivatives.  Moreover,  the  diffusion  transftort  of  compound  species 
in  a  semiconductor  lattice  must  be  negligible  in  comparison  to  that  of  single  atoms  and 
vacancies.  The  diffusion  of  vacancies,  on  the  pther  hand,  is  so  fast,  that  their  density 
will  be  given  essentially  by  the  solubility  limU.*'^ 


Becf^use  of  the  sniallerjprobability  of  multiple  collisions  and  ;becausc  of  the  repul¬ 
sion  of  like  ions,  it  can  be  assumed  tliat  only  the  reaction  betwclbh  a  single  donor  and 
single  acceptor  are  appreciable  (-tf-^  m  n  ■=  t).  If  the  reverse  dissociation  reaction  iil 
negligible  because  of  a  hi^itly  unfnvoi&bld  activation  energy,  the  density  of  the  valley- 
current-carrying  centers  edn  b^f  given/by  "  i! 


(VI-8) 


In  which  is  the  collision  frequency  factor  and  is  the  uctivation  energy  of  the 
donor-acceptor  pairihg  reaction.  The  increasing  valley  current  of  higher-dopedidiodes 
would  be  due  to  variation  of  /Vp^^,'with  the  product  of  Np  and  . 

For  short  times  we  might  expect  negligible  perturbation  of  the  standard  diffusion 
profiles  (Fig.  Vl-11  —  Fig.  VI-2).  Initially  diffusion  is  fast  comparbd  to  the  reaction.  Then 
p-alloys  on  n-semiconductors  would  have  Np  =  erf  x/(4Dp  t)^  and  =  W^^erfe 
*/(40^  <1^  within  a  factor  of  about  two  because  of  either  ambipolar  diffusion  effects,  as 
well  as  varying  boundary  conditions.  Here  Nj^^is  the  acceptor  solubility  limit  and 
the  base  doping.  The  case  for  n-alloys  on  p-naterial  simply  reverse  the  above  subscripts 
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A  and  0.  For  the  small  activation  energies  expected  the  exponential  in  Eq.  (Vl-1)  ap¬ 
proaches  one  and  is.  easily  calculable.  Profiles  with  a  maximum  of  between  the 
metallurgical  and  the  stoichiometric  junction  are  obtained  under  the  boundary  conditions 
of  Fig.  Vl-2.  Should  a  diffusion  sink  for  both  constituents  be  obtained  at  slightly  lower 
than  maximum  temperatures,  this  maximum  density  of  valley -current  carrying  centers 
might  start  to  catch  up  with  the  tunneling  barrier  (Fig.  Vl-1).  This  mechanism  could  ex¬ 
plain  much  of  the  observed  behavior. 

After  long  times  diffusion  profiles  similar  to  E'ig.  VI-12  would  be  obtained  to  give 
an  essentially  heterogeneous  reaction,  occurring  at  plane  x.  The  reaction  ultimately  be¬ 
comes  fast  with  respect  to  the  diffusion.  The  base  dopant  is  brought  to  the  plane  at  a 
rate  of  =  (Dp  and  the  alloyed  dopant  must  arrive  at  the  equal  rate  H^q^a 
The  reaction  plane  therefore  moves  as  x  =  finally  leaving  a  constant  density 
^OAV  “  deposited  behind  this  plane.  The  minimum  that  exists  somewhere 

between  here  and  the  initial  maximum  found  in  the  first  part  would  give  a  junction  with 
maximum  peak  to  valley  ratio.  Thus  the  behavior  (Figs.  Vl-6,  VI-11)  of  tunafil  diodci 
currents  with  alloying  time  can  be  understood. 
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IDLING 


PIG.n-l.  EQUIVALENT  CIRCUIT  OF  A  ^NONLINEAR- CAPACITANCE 
PARAMETRIC  AMPLIFIER  CONTAINING  T^.WO  PUMP  CIRCUITS 
RFSONANT  at  ^3  AND  0)^  ,  AN  IDLING  CIRCUIT  AT 
CUg-Wj*  W  -  W  ,  AND  A  SIGNAL  CIRdlUlT  AToJ  <  ,  w 
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U.)  HELIX  LINE  INCORPORATED  WITH  DISTRIBUTED  JUNCTION  DIODES 
ACTIVATED  BY  r.f.  RADIAL  FIELD 


HELIX 


'  I  /  'in.  DOTS 

Vn  type  f*. 
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Ut  HELIX  LINE  INCORPORATED  WITH  DISTRIBUTED 
PUMP—^  DIO^IES  activated  BY  r.f.  AXIAL  FIELD. 
ICOUPLEO  .  S 


Jmnction 
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,r.f.  HELIX 


SIGNAL  INPUT 
(COAXIAL  UNE) 

(c.)  HELIX  LINE  INCORPORAtj^D  WITH 

CIRCUITS. 


SKSNAL  OUTPUT 
(COAXIAL  LINE) 


r.f.  INPUT  AND  OUTPUT 


FI6.1l~4.  HELICAL-  LINE  TRAVELING  -  WAVE 
PARAMETRIC  AMPLIFIER 


FIG.  II -5  S-BAND  HELIX  -  TYPE  PARAMETRIC  AMPLIFIER 


FIG.  11-6.  SCHEMATIC  OF  TEST  SET  -  UP 
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FlGJI-9.  INPUT  VSWR  AS  A  FUNCTION  OF  FREQUENCY  FOR  THE  HELIX 
STRUCTL^RE  PERIODICALLY  LOADED  BY  THREE  DIODES  AND  a ’0.5 
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FI6.n-fO.  ATTENUATION  AS  A  FUNCTION  OF  FREQUENCY  FOR  HELIX 
FOR  DIFFERENT  LOADING  CONDITIONS- 
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FlG.ir-{2.  GAIN  AS  A  FUNCTION  OF  FREQUENCY  FOR  SEVERAL  FIXED  VALUES 
OF  RUMP  POWER 


FI6.3I  -  13.  NOISE  FIGURE  AND  GAIN  AS  A  FUNCTION 
OF  PUMP  POWER  FOR  A  HELIX  PARAMETRIC  AMPLIFIER. 
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FIG. II'I4.  BLOCK  DIAGRAM  OF  MEASURING  APPARATUS 
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TYROL  CHARACTERfSrrCS  OF  A  GALLIUM  ARSENIDE  POINT  CONTACT  DIODE 


.  POINT 
MATERIAL 
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WHERE:  t=  CRYSTAL  THICKNESS 
w=  BARRIER  WIDTH 
r  =  RADIUS 


mv 

FIG.  m-l.  I-V  CHARACTEmSTIC  OF  TUNNEL  DIODE 
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FIG.Iir-2.  ENERGY  BAftS  OF  TUNNEL  DIODE 


LU 

O 

'< 

LJP 

o2:g 

ujo2 

2  UQ 


FIG.  60  I-V  CURVE  OF  NEGATIVE 
CONDUCTANCE  DEVICE 


TUNNEL  DIODE 


FIG.  in -7.  TUNNEL-DIODE  OSCILLATOR 


FIG.  in -8.  EQUIVALENT  CIRCUIT  OF  TUNNEL-DIODE  OSCILLATOR 
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TUNNEL  DIODE 


.  II  . 

FIG.It-l.  SCHEMATIC  DIAGRAM  OF  CONVERTER  CIRCUIT 
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FIG.  BZ'-2. TUNNEL  DIODE  I- V  CHARACTERISTIC 
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FIG.  Iff-6.  TUNNEL  DIODE  CONVERTER  CIRCUITS. 
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FIG.rsr-7  TUNNEL  DIODE  GERMANIUM 
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FIG.  W-8.  TUNNEL  DIODE  GALLIUM  ARSENIDE 
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SINGLE  STUD 


SLOCK  DIAGRAM  OF  V-BAND  DOWN  CONVERTER 
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FIG.  ISr-9.  DETAIL  OF  TUNNEL  DIODE  MOUNT  IN"BNC'‘  CONNECTOR 
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p.c.  BIAS  SUPPLY 


FIG.  IS- Id;.  BLOCK  DIAGRAM  OF  "LUMPED -CONSTANT*’ CIRCUIT 
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■  FIG.  IE -II  PHOTOGRAPH  ok 
TUNNEL  DIODE  DOWN  CONVERTER 
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FIG.  12-12.  COMPLETE  TEST  SET-UP  FOR  TUNNEL 
DIODE  DOWN  CONVERTER 
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FIG.  12-13.  SCOPE  TRACING 
NOISE  OUTPUT. 


OF  BANDWIDTH  AND 
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BIAS 


RF-  INPUT 


FIG.  Dr-15.  LUMPED  PARAMETER  TUNNEL  DIODE  DOWN 

convePter  with  self  bias  scheme 
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mhos  =  CONST 
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FIG.IS?-!7  NOISE  FACTOR  AS  A  FUNCTION  OF  GAIN  BANDWIDTH  PRODUC 


FIG.BC-18.  CHARACTERISTIC  OF  TUNNEL  O1O0E 
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FIG  CHARACTERISTIC  OF  TEST  DIODE 


FIG.nr-20.  I-V  CHARACTERISTICS  OF 
DIODE  SIMILAR  TO  IN2I 
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— *-PUMP  VOLTAGE,  ,(mv) 
FIG.IZ-ZI  LINEARITY  (Gq)  ANO  NON  LINEARITY  (fl'Vj) 
TERMS  vs  PUMP  VOLTAGE 
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FIG.  32-23 

CALCULATED  VALUES  OF  NOISE  FACTOR  AND  GAIN 
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FIG.  ¥-2.  NOISE  FACTOR  OF  A  MATCHED- INPUT 
WITH  distributed  NOISE  SOURCES 
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FI6.Tr-3.  NOISE  FACTOR  OF  A  MISMATCHED-INPUT  LINE  WITH 
DISTRIBUTED  NOISE  SOURCESIM  -0.2) 


FlG,3t-5  TRAVELLING  WAVE  TUNNEL  DIODE  AMPLIFIER 
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FIG.I-r  MASNETO -RESISTANCE  AS  FUNCTION 
OF  CROSS  ELECTRICAL  FIELDS 
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-=^ — —EXPERIMENTAL 
- -CALCULATED 


FIG. 3E- (3 -MAGNETO  -  TRANSCONDUCTANCE  AS  FUNCTION 
OF  CROSS  ELECTRICAL  FIELDS. 
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COMPOSITION  OF  THREE  OlSTlNCT  2-TERMiNAL- 
MiR  NETWORKS, 
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^RnS:E  response'  to  the  switching  of  l^utt  VOLTAGE 

(ALL  TUNNEL  OLOOES  WERE  QUENCHEO  SIMILARLY) 


FIG  21-12,  OENSilTY  PROFILES  GEFORE  REACTION 
RATE  EXCEEDS  DIFFUSION 


FIG. 21- 13,  DENSITY  PROFILES  AFTER  REACTION 
RATE  EXCEEDS  DIFFUSION, 
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